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ABSTRACT 


A 48 month program was conducted to evaluate and develop polyphenylene oxide 
(PPO) foam as an internal cryogenic gas layer insulation for LHg tanks. An evalua- 
tion was made of new PPO foam compositions produced by TNO in Delft, Holland. 

This evaluation resulted in efforts of the vendor to continue to improve the 
quality of the foam. The vendor varied the blowing agent, the nucleating agent, and 
the millsheet manufacturing methods, while GD/Convair performed detailed qualita- 
tive and quantitative evaluation of the panels produced. The work included preparation 
of a material specification and fabrication process procedures. The properties of 
mechanical strength, modulus of elasticity, density and thermal conductivity were 
measured and related to foam quality. Properties unique to PPO foam as a gas layer 
insulation; density gradient parallel to the fiber direction and gas flow conductance 
in both directions were correlated with foam quality. 
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FOREWORD 


This report was prepared by Convair division of Oeneral Dynamics Corporation. 
San Diego, California for NASA, Marshall Space Flight Center. This is a final 
contract report which presents the results of Contract NAS8-27566, "Design and 
Development of Polyphenylene Oxide Foam as a Reusable Internal Insulation for 
LH 2 Tanks. " The work was performed during the period July 1971 to June 1975. 

This contract was administered under the technical direction of Dr. James Stuckey 
and Mr. L. M. Thompson, S&E-ASTN-MNM, Astronautics Laboratory of NASA- 
MSFC. 

The General Dynamics Consrair personnel who made major contributions to the 
program. Mr. R. E. Tatro is Program Manager: F, O. Bennett, material 
characterization, inspection and analysis; H.G. Erittian, cryogenic and environ- 
mental testing; M. Maximovich, adhesives and bonding development; P. Merz, 
rigidization and chemical processes; R.L. Otwell, repair and joint design; 

C. Snyder, fabrication and repair tooling; G.B. Yates, insulation design, 
specification and thermal analysis. 
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SUMMARY 


Convair Division of General Dynamics Corporation has conducted a 48 month program 
to evaluate and develop polyphehlene oxide (PPO) foam as an internal cryogenic 
gas layer insulation under contract NAS8-27566, "Design and Development of Poly- 
phenylene Oxide Foam as a Reusable Internal Insulation for LH2 Tanks". The work 
included preparation of a material specification and fabrication process procedures. 
Mechanical strength, modulus of elasticity, density and theixnal conductivity were 
measured and related to foam quality. Density gradient parallel to the fiber direction 
and gas flow conductance in both directions were also correlated with foam quality. 

These nre properties unique to PPO foam as a gas layer insulation. 

New PPO foam composltio:.s produced by TNO in Delft, Holland were evaluated by 
Convair. The vendor continued to improve the quality of the foam. This resulted 
finally in the selection of an optimum composition. The vendor varied the blowing 
agent, the nucleating agent, and the millsheet manufacturing methods, wdiile GD/Convair 
performed detailed qualitative and quantitative evaluation of the foam panels produced. 
Combinations of dichloroethane (DCE), trichloroethane (CNU), and the petroleum ether 
(SEP) were used as blowing agents 'With the addition of vermiculite (VER) or Genitron 
(GEN) as mcleatlng agents. Material used to determine thermal conductivity was 
subsequently subjected to pressure drop (permeability) and density gradient evaluations. 
A preferred composition was selected in 1972; the blowing agent used was a mixture of 
dichloroethane (DCE) and trichloroethane (CNU), and the nicleating agent was Genitron 
AC/2 azodlcarbonamide added in the ratio of two parts per hundred parts of resin. 

The panels were foamed from rolled millsheets in an open press. This combination 
of blowing and nucleating agents was found to result in panels having the most uniform 
structure and lowest thermal conductivity. The rolled millsheet manufacturing method 
was chosen because extrusion or injection molding methods had not been refined to 
produce panels of consistent uniformity. 

A material specification was prepared in sufficient detail to assure the production and 
delivery of foam which will provide a high qqallty long life insulation. All the material 
classifications which have been produced to date are Included; densities from 30 kg/m^ 
(1.87 Ib/ft^) to SO kg/m^ (3. 12 Ibs/ft^) and thteknesses from 30 mm (1. 18 in) to 18S mm 
( 7. 28 In. ). Non-destructive test (NDT) are specified for all material and destructive 
quality control tests on statistical samples. The most effective NDT is X-ray to locate 
voids and other undesirable densi^ gradients. 

PPO foam has the anisotropic oellular configuration of honey-oomb. It has a very low 
modulus of elasticity perpendicular to the fiber direction even at cryogenic temperature. 
As a gas li^er Insulation, it has no sealed Inner surface. Butt joints are compressed 
as panels are Installed thus do not require bonding. These ohariwteristlos combine 
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to make material relatively easy to install. While the repair of any bonded plastic 
material is a challenge, the only PPO foam bond to repair is at the tank surface. 

There are no joints or sealed membranes. A panel was repaired twice in the same 
place and tested six times over a period of about one year with a maximum degradation 
of only twenty percent. 

The thermal conductivity of the foam when used as a gas layer insulation is, as a 
minimum, that of gaseous hydrogen (GH 2 ). Above a mean t:.mperature of 153 K (275R), 
the best foam panels had a thermal conductivity that were only 10 percent higher than 
GH 2 . At very low temperatures, 56K (lOOR), the thermal conductivity was only 40 
percent above the thermal conductivity of GH , 

A 

The foam was thermal cycled and soaked from 2 IK (37R) to 450K (810R) in various 
gaseous environments. In a vacuum or non-oxidizing gas environment, the foam 
successfully withstood the high temperature environment and cycling. About two 
percent shrinkage occurs at 422K (760R). Therefore the foam should be pre-aged in 
an inert environment to the maximum predicted use temperature. The foam Is expanded 
anisotropically from a flat thin sheet in a heated platen press to the desired thickness. 
Since the plates are in contact with both surfaces, the forces Involved In the expansion 
cause the panels to stretch to a reduced density in the center. The center density 
reduction was correlated with gas flow conductance and thermal conductivity. A 
reward to say that a 10% reduction was not detrimental to thermal conductivity. 

The foam cells consist of very thin membranes. When cut or Impacted they tend to 
break and leave debris. This Is undesirable for an Internal propellant tank insulation. 

A radiant heating procedure was developed to harden the cell edges. This 'aves an 
impact resistant surface. 

Lonza, Ltd. , Basel, Switzerland, the PPO foam patent license holder, continued 
work through 1974 on processes to put PPO foam Into automated production. However 
lack of a firm quantity order restrained the work to component development and paper 
production line studies. TNO, the original foam producer, has contlmed to produce 
the foam from rolled mill resin sheets. They have added edge closures to their 
foaming press and tlg^itened the process qualify control. In 1975, TNO produced 
foam which meets the GD/Convalr speolftoation for density gradients and had the lowest 
thermal conductivity In liquid hydorgen of any foam tested during this program. The 
resin was mixed with DCE/CNU blowing agent, 2 pph VER nucleating agent and blown 
from a single mQl sheet. 
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SECTION 1 


INTRODUCTION 


The objective of this program was to evaluate polyphenylene oxide (PPO) foam as an 
internal insulation for LH 2 tanks. The system must withstand the Space Shuttle launch, 
earth orbit and reentry mission cycle, be capable of withstanding short-term exposure 
to a 450K (350F) enviornment, and be reusable for up to 100 flights with minimum 
refurbishment. 

PPO foam is a unique anistropic material with a cellular structure similar to honeycomb. 
WTien the material is used as an internal insulation, the combination of heat flux and 
surface tension limits liquid entry into the cells, thus forming an insulating gas layer. 
PPO foam was first demonstrated to be a feasible internal gas layer insulating material 
for liquid hydrogen in 1969 (Ref. 1). Its simplicity, in terms of handling and fabrication, 
and its unique properties led to further development of the material for liquid hydrogen 
use. Mechanical property, thermal conductivity, and small-scale forming tests were 
performed on the material and comparisons made with competitive liquid hydrogen 
tank insulations (Ref. 2). This work was prompted primarily by a search for an 
insulation that could withstand multiple reuses on cryogenic-fuel ed launch vehicles 
such as Space Shuttle. An internal gas layer insulation is desirable because it is less 
subject to handling damage, a "warm" bond line minimizes cyclic thermal stresses, 
atxl there is no pressure load on the insulation. A 1, 000-gallon tank was built 
specifically to evaluate the thermal and mechanical integrity of PPO foam Insulation. 

The insulation was successfully subjected to 100 tanking, pressurization, detanking, 
and external heating cycles (Ref. 3). Several small liquid hydrogen test tanks were 
designed and built to verify the mechanical integrity of various insulation composites. 

One set of interchangeable heads, internally insulated with PPO foam, was buUt for 
these tanks. Large PPO foam panels were fabricated to demonstrate low-cost 
fabrication and handling ease (Bef. 4). 

A PPO foam materials specification was prepared and process procedures for apidlca- 
tlon of a complete PPO foam internal insulation system to a liquid hydrogen tank 
were written. 

X-ray and photographic evaluation are the most convenient method of Inspecting Inr 
coming panels of PPO foam. Internal voids and areas of large density gradients are 
easily recognizable. The procedures and techniques for making X-ray exposures and 
prints of the exposures were standardized to permit an accurate assessment of the 
material quality and to allow use of X-ray inspection to predict material thermal 
and structural characteristics. 


1-1 



Samples ot. lUK) foam were subjected to long-term exposure at elevated temperatures 
to determine weight and dimensional stability, and to identify outgassing products. 

Othei samples were subjected to 100 temperature cycles simulating the shuttle mission 
thermal ' ivironment to determine the effects on weight and dimensional staJjility. 

Va lOus t’PO foam configurations, densities, and thicknesses were evaluated for 
mechai. ;al strength, thermal performance, and internal cell structure. Both bonded 
aiid unblended samples were thermally cycled to evaluate the effects on strength, 
porositj . surface hardness, and bond integrity. Lateral and longitudinal density 
g)-adients were measured. Foam permeability and porosity were investigated using 
room temperature gases, and the thermal conductivity in liquid hydrogen was measured 
using a uarded flat-plate calorimeter. Results were correlated to develop a procedure 
lor prec cting thermal performance without performing expensive thermal tests. 

E. isting information on adhesives was reviewed and candidates selected for screening. 
Lap shear tests were performed and bonded foam samples subjected to a comprehensive 
evi luaticn program to select an adhesive that meets shuttle requirements. Tension, 
shear, and peel mechanical tests, as well as thermal shock and cycling tests, were 
performed on PPO foam bonded samples. 

WTieii individual PPO foam panels are installed in a tank joints result. 

Potential joining techniques were evaluated for structural performance and thermal 
perfi rmance. Joints were subjected to thermal testing using a guarded flat plate 
then ral conductivity apparatus. Previous close-out material investigations were 
reviewed end data on other candidate materials assembled. Methods for cutting, 
fitting, and bonding .he materials were Investigated. Methods were developed for 
applying Pi’O foam panels to both flat and curved surfaces. Improvements made in 
cutting, forming, and bonding teclmiques and effects of each on system structural 
and thermal performance were evaluated. A method for foam surface rlgldizing was 
developed as well as techniques for tank surface preparation and bonding. The effect 
of various primers on bond integrity at temperatures from 2lK to 450K (-423F to 
350F) was determined. Techniques to be used for repairing insulation inside a tank 
were Investigated, y .thods for removal of damaged foam areas and the adhesive 
were Investigated Installation procedures for new foam were developed. Repaired 
areas were ev uuated for changes in thermal performance. 

The PIK) xoam vendor coitimed a program of improving panel quality and consistency. 
More promising compositions were selected for evaluation based on Investigations by 
boll (.he v€ ndor and GD/Convalr. These compos Ulons were subjected to a screening 
\ rogram consisting rf a determination of the effect of long term e:qx)sure to 450K 
(350F), the longitudinal and lateral permeability and density variations, the thermal 
conductlvify, and the tensile and compressive strengths. 
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Although the English system of units (ft. lb. sec) has been used for all measurements 
and calculations, in this report the S.I. (m, kg, sec) system of aits is shown as the 
primary system with English units following in parentheses. 


1-3 



1 


V 


I 


1 


I 


SECTION 2 

SPECIFICATIONS AND PROCESSES 


This section contains the materials specification and fabrication procedures for a PPO 
foam internal cyrogenic insulation system. The system operating environments ii. 
particular the thermal environment of atmospheric entry, tend to be severe compared 
with those experienced by existing insulation systems, and the requirements for the 
system to be reusable for up to 100 flights with minimum refurbishment demands for 
the use of materials of the highest quality and the use of properly qualified insulation 
application procedures. 

Fabrication processes necessary for installation of the foam in an internally insulated 
taric are detailed. These include cutting, foaming, and bonding. A detailed description 
of the recommended repair procedures is given in Section 9. 

2. 1 MATERIAL SPECIFICATION 

A preliminary specification for the procurement and qualification of PPO foam has 
been prepared. Appendix C. This specification is intended to provide a means of 
procuring high quality foam for use as an internal insulation in a liquid hydrogen tank. 

The specification provides for the measurement and control of the physical and mechan- 
mechanical properties as well as the ingredients used in the raw materials prior to 
foaming. Sampling, qualification and acceptance tests, records and reporting, handling 
and shipping are specified. The specification is preliminary at this time because a 
completely qualified vendor, capable of large scale production within the limits of the 
specification has not been identified. The material is currently produced only uy the 
Plastics and Rubber Institute, TNO, Delft, Holland using a batch process which has 
limited built-in quality control. 

2.2 FABRICATION PROCESSES. 

Procedures for handling and bonding PPO foam panels have been developed. The 
procedures and processes currently in use are described herein. 

2.2.1 PPO FOAM CUTTING 

Horizontal Cuts (perpendicular to cells) 

1. The surface is scored with a blade in a checkerboard pattern spaced 2.5 cm 
(1.0 in) apart in both the width and length directions. The cut should be made to 
a constant depth of 1.5 nun (0.060 in). This rdieves the stresses and eliminates 
distortion in the panel during cutting. 

i, 
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2, Load the panel uniformly to approximately 0.36 kN/m^ (0. 125 psi). 

3. There are two principle methods of making horizontal cuts (perpendicular to 
the cells) in the foam: using a horizontal band saw or a circular rotary knife. 
These techniques are : 

a. Horizontal Band Saw - The blade consists of 1. 57 teeth per cm (4 teeth 
per inch) with no set in the teeth. The blade is run in reverse to minimize 
material tearing. Material is fed past the blade at a rate of 25.4 cm/min 
(10 in/min). After cutting, the material is vacuumed to remove debris. 

b. Rotary Knife - A standard rotary knife, 5 cm (2 in) in diameter, is used 
at a rotation speed of 1800 rpm. The panel is fed past the knife at a 
speed of 76 cm/min (30 in/min) such that the cut is made into the material. 
The small amount of debris created is removed by vacuuming the surface 
either during or after cutting. 

Vertical Cuts (parallel to cells) 

Vertical cuts are made with the bandsaw. After cutting, the edges are sanded to 

remove loose material. 

2.2.2 PPO FOAM FORMING 

Tooling 

1. All tools should be made of material which will withstand temperatures 
up to 450K (350F). 

2. Mold should be of female configuration. 

3. Edge supports to be made from a minimum of 6.35 mm (0.25 in) thick angle 
and formed to mold contour. 

4. Over-press to be a minimum of three-ply fiber^ass high temp>erature layup. 

Preparation 

1. Determine that mold face is free of contaminants, nicks, and distortions. 

a. Remove contaminants from mold using sandpaper or wastecloth moistened 
with methyl ethyl ketone (MEK) or acetone. 

b. Allow mold to air dry as necessary. 
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2. Cut the PPO foiim panel in the desired size with a clean sharp band saw blade, 
leaving an excess trim edge of approximately 1.26 cm (0.5 in) around perimeter 
of part. 

3. Position the PPO foam panel on the mold. 

a. Position edge supports around the perimeter of PPO foam part. 

b. Position over-press over top of PPO foam part, 
f orming Procedure 

1. Apply the vacuum bag per GD/Convair manufacturing specification 85.24.2. 

2. Apply vacuum slowly, removing as many bag wrinkles as possible. 

3. Apply a vacuum of approximately 27.9 mm (11 inches) of mercury. 

4. Form PPO foam part under a vacuum. 


a. The oven temperature shall be 422K ±6K (300F ± lOF) with a form time 
of 90 ± 10 min. 

b. Let PPO foam part cool to ambient temperature under a vacuum. 


c. Remove the formed panel from the mold. 

2.2.3 PPO FOAM BONDING. 

Preparation 

1. All PPO surfaces requiring adhesive shall be free of loose particles. Thoroughly 
clean and dry at time of adhesive application. 

2. All aluminum surfaces requiring adhesive shall be free of burrs; thoroughly 
clean and dry at time of adhesive aH>licatlon. 

3. PPO foam and aluminum mating surfaces requiring adhesive shall be capable 
of continuous contact over total bond mating surfaces when pressed together 
clean, and dry at time of adhesive application. 
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4. PPO surface not requiring adhesive shall be protected from contacting the 
adhesive with masking tape or equivalent covering. 

5. Cleaning materials and processes shall have no harmful effect on the part materials 
and shall produce surfaces that are free of oil, grease, cliil, moisture, and other 
foreign matter. 

6. Aluminum surfaces shall be solvent cleaned and chromic acid etched (Forest 
Products Laboratory or Pasa Jet 105 etchant). 

Bonding Procedure 

1. Prepare adhesive in accordance with material specifications. 

2. Any application method may be u.sed providing it will insure a continuous and 
adherent film which is free from air entrapment and other visual imperfections. 

Both mating surfaces shall have a coating of adhesive material to a wet film 
thickness of 7.5 to 25 Um (0.003 to 0.010 inch). The specified film thickness 
shall apply to each surface coat. 

3. Assemble the PPO foam panels after coating with adhesive by pressing assembly 
together under a load of 3.45 kN/m'^ (0. 5 psla) to Insure close contact of the 
bonded surfaces. 

4. Remove excess adhesive material from aluminum boundary of the mating surfaces 
with clean dry cheesecloth. 

5. Edge supports with capability to compress butt joints on PPO foam up to four percent 
uniformly are required. 

2 

6. Cure the bonded assembly under pressure of 10. 3 to 17. 2 kN/m (1. 5 to 2. 5 psi). 

If vacuum bagging method is used, edge supports are required to protect edge of 
PPO foam. 
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SECTION 3 

PPO FOAM INSPECTION TECHNIQUES 


To achieve a hi^ level of thermal performance and reliability necessary for use as 
a cryogenic insulation material, open-celled foam must be free of large voids and 
high-density areas and be of consistent high quality. To verify that manufactured 
PPO foam panels are of sufficiently high quality for use in an internal insulation 
system, methods of inspecting the incoming panels have been devised. The various 
techniques for panel inspection may be classified as either non-destructive or 
destructive. The non -destructive techniques include: 

a. radiography, X-raying the panels prior to cover paper removal. 

b. visual inspection for surface Irregularities after paper removal. 

c. visual inspection on a light table for density variations. 

d. magnifying and measuring surface cell characteristics. 

e. calculating density of full size panels. 

Destructive test techniques include: 

a. sectioning the pands for internal density variation calculations. 

b. determining porosity by measuring the pressure drop through the material. 

c. measuring mechanical properties by performing tensile, compression, 
shear, and peel tests. 

d. measuring thermal properties by performing calorimeter and thermal 
cycling tests. 

All of these techniques are used during the process of screening the various PPO 
foam configurations, and, during a production run, most or all of these would be 
employed periodically by the vendor to verify conformance with material standards. 

The panels are manufactured with brown Kraft-type paper on the two Mirfaoes 
contacting the press to allow tat subsequent rdease from the press plates. The 
paper then serves to protect the panel surfaces during transit and to prohibit foreign 
matter from entering the cells. Prior to removal of the cover paper all of the 
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incoming panels are logged in, visually inspected for damage or voids at the edges, 
and X-rayed, The X-ray tube used is a Norelco MG 50 with a bery"ium wimlow tmd a 
1.5 mm focal spot. The tube is operated at its lowest |)ower setting, 10 k\- at 15 ma, 
because of the ve y small mass of material in the low density foam. The film used 
is 35,6 43.2 cm (14 ^ 17 in) Eastman Kodak Type T medium grain or its e<|uivalent. 

The tube is positioned a distance 102 cm (40 in.) from the film for exiosure to minimize 
paraMax distortion. For a given distance from the tube tc the film the distortion or 
image offset at any i»int on the upper surface of the foam is dependent on the lateral 
distance from Uie vertical and the panel thickness. This is Illustrated in Figure 3-1. 

At the maximum lateral distance from the vertical, 27.9 cm (11 in.), coiresix)ixling 
to one-half the diagonal length of the film, the image offset of the upper edge of a 75 
mm (3 In. ) thick panel is 2.26 cm (0. 89 in. ). Thus it is more difficult to determine 
the location or nature of irregularities near the edge of the X-ray. 


Current foam panels are approximately 61 x 76 cm (24 x 30 in.) in size. Four 
35.6 X 43. 2 (14 X 17 in, ) X-ray films are used to cover a panel surface (Figure 3-2). 

The panels are marked with an "x" at the center and four "T's" on a 25.4 cm (10 in. ) 
radius as shown. The corners are marked with "UR" for "upjjer right," etc. , as 
well as the panel and X-ray log numbers. The films are positioned underneath the 
quandrants of the panel such that each will contain the center "x" and two of the "T's" 
resulting in a 5 cm (2 in. ) overlap with adjacent films. The X-ray tube is centered 
over the films which are individually exposed. The devel ped films can then be 
overlapped on a large light table to give a total picture of the internal structure of the 
panel. 

This inspection procedure works well for the determination of density variations in 
any one exposure. However, different exposures do not provide an accurate Indication 
of the relative bulk density. The X-ray machine is being operated at the minimum 
practical energy (voltage) level. This results in a limited controllable range. The 
small mass of foam being exposed still allows a relatively large energy transfer to 
the film. The inclusion of an X-ray standard in each exposure would pe..mlt a quanti- 
tative determination of the relative level of film exposure and relative bulk densities, 
althou^ this could be a time consuming and expensive operation. 

Samples of PPO foam were Inspected using neutron radiographic techniques at the Convalr 
Dlvlsl'^n In Fort Worth, Texas. Neutrons from a 2.8 mg 252 Californium source were 
reduced to thermal energy In water. Hiese thermal neutrons were collimated and passed 
through the PPO foam and onto the 4 x 6 In conversion screen. The activated screen 
exposed the adjacent film to 70 kev electrons. Using several film types and exposure 
times It was not possible to achieve acoeptaUe defect Identification. 

Other non-destructive tests performed after the cover paper has been removed Include 
ll{^ table Inspection, surface nuignlflcatlon and photogriMphy, and density measurements. 


3-2 


3 


PANEL THICKNESS, t (cm) 


-y- 7.5 



10 20 30 

LATERAL DISTANCE, d (cm) 

Figure 3-1. X-ray Image Offset Due to Parallax Effect 



Figure 3>2. Location of X-ray Films to Cover Panel 
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An example of light table photograph 
of a specimen used for thermal 
conductivity testing is shown in 
Figure 3-3. Differences in light 
ti’ansmittal can be caused b^' the 
degree of coursenoss of cell structure 
or the number of closed cells as well 
as density' variations. No definitive 
use of the light table inspection has 
been made. Details of the cell 
structure can be inspected by micro- 
photographs taken of the surface and 
of cross sections *hrough the material. 
Cell sizes (diameter) a 1 configuration 
and the relative amount of debris can 
be determined by micro photograph. 
Finally, the calculation of bulk density 
of the trimmed . anel is used to verify 
that the density’ is as specified. 


Figure 3-3. Light Table Photograph of PPO 
Foam Specimen 


The destructive test techniques Involve 
sectioning the trimmed panel into 


specimens for density' variation, porosity, mechanical strength, and thermal conductivity 


determination. These techniques are described under the appropriate section headings 


in this report. 
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SECTION 4 

NLXTERIAL PROPERTIES 


This section presents the results of Pl^ foam panel density and density gradient 
measurements and mechanical strength tests. 

4. 1 DENSITY GRADIENTS 

Due to the manner i*. which the foam is blown, the material in the middle of the panel 
(measured pa'^allel to the cell orientation) is less dense than that near the surface and 
exhibits higher lateral permeability, i.e. , lower resistance to the movement of gas 
in the direction perpendicular to the cell orientation. This reduced density and 
higher permeability results in a reduction of the mechanical strength of the foam and 
increased thermal conductivity due to instability of the gas layer caused by lateral 
gas movement. Ideally there should be no density gradients in a panel and the lateral 
permeability should be constant across the cross section. Then the bulk density of 
the panel could be adjusted such that the lateral permeability, which vould then be 
proportional to the density, is maintained below a maximum allowable level. 

Panels are first trimmed to the class I condition with the paper removed. The panels 
are then w 'ghed, measured, and the nominal density compiled. Each panel is 
sliced into three sheets corresponding to the upper, middle, and lower thirds, 

Figure 4-1. These sheets are weighed and measured and the densities calculated. 
These data provided a measurement of the average longitudinal density variation 
of the whole panel. Finally, each sheet is cut into sub panels each of which are 
weighed and measured. The densities of these pieces are then compared with each 
other and with the nominal panel density. 


4.1.1 DEVELOPMENT MATERIAL. The standard blowing agent for PPO foam 
panels had been dlchloroethane (DCE). In April 1971, a panel, 71-11, was received 
which utilized a 3:1 parts by volume mixture of Chlorothene Nu (CNU) (1,1, 1 trl- 
chloroethane) and dlchloroethane (DCE) as the blowing agent. This panel, 43 x 33 x 
5 cni (17 X 13 X 2 in.) with nominal density of 33 kg/m^ (2.06 pcf), has been tested 
to determine the extent of both longitudinal (parallel to the fiber orientatU>n) and 
lateral density variations. The results of the investigation are summarized below. 


Measured nominal panel density 
Maximum longitudinal density variation from nominal 
Maximum lateral density variation from nominal 
Maximum density variation of any piece fiom nominal 


33.0 kg/m 
-6 percent 
3 percent 
-11 percent 
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The density variations 
from the nominal value, 
33.0 kg/m^ (2.06 pcf), 
are shown in Figure 4-2. 
Note that the variations 
for the middle sheets are 
generally higher. The 
largest sin^e variation 
from nominal is -11 per- 
cent. By combining the 
pieces as shown in Figure 
4-3 and averaging the 
densities of the combined 
pieces, the maximum 
lateral variation from the 
no min' 1 density was found 
to be J percent. 



Figure 4-1. Identification of Cut Specimens (Sub Panels) 


After the 27 pieces had 
been cut from the panel, 
it was noticed that small 
flecks ot solid material 
occurred throughout the 
foam. These flecks, shown 
in Figure 4-4, are appar- 
ently pockets of resin that 
failed to expand during the 
blowing process possibly 
due to Incomplete com- 
ponent mixing. This 
Information was transmit- 
ted to the vendor where 


changes were made to correct the problem. The existence of the flecks had no 
apparent detrimental effect on the thermal or mechanical properties of the foam. 


Two additional panel blown with DCE/CNU, panels 71-12 and -14 were evaluated. 

The as-received densities of these panels were 30.4 and 28.8 kg/m (1.9 and 1.8 
pcf). Both panels were cut and labeled In accordance with Figure 4-1. The surfaces 
of Panel 71-14 were left In the as receiv ed condition whereas {ypproxlmately 2. 54 mm 
(0. 1 Inch) was reinoved witii a bandsaw from both surfaces of Panel 71-12. Panel 
71-12 had a nominal density of 30. 1 kg/m® (1. 88 pcf) and Panel 71-14 had a nominal 
density of 28. 8 kg/m® (1. 8 pcf). The densities of the Individual pieces were computed 
along with the percent variation from the nominal and are Illustrated In Figures 
4-5 and 4-6. The middle sheet of the panels had a lower density than the mxfaoe. 

The mean density of the mltk*le sheet, Panel 71-14, was 24, 5 kg/m® (1.63 pcf) 
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Figure 4-2. Density Variations from Nomlnali Panel 71-11 
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Figure 4-4. Solid Inclusion in the Foam Matrix 
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Density iu pcf 
(Varialion) 


PANEL 71-12 


UPPER SHEET 

( 1 ) 


1.988 

2.0S0 

1.998 

(^) 

(ni) 

(Mi) 

2.027 

2 , 140 

1.985 

(+8) 

(+14) 

(+5) 

1.933 

2.042 

1.970 

(+3) 

(+9) 

(+5) 


Mean p = 2. 018 pcf (+7) 


Nominal Density = 1. 882 pcf 


Variation - 



X 100% 


MIDDLE SHEET 

( 2 ) 


1.683 

1.765 

■IlH 

(-11) 

(-6) 


1.673 

1.754 

1.6G5 

(-11) 

(-7) 

(-12) 

n 

1.698 

1.647 


(-10) 

(-12) 


Mean p= l.b88 pcf (-10) 


LOWER SHEET 

(3) 


2.097 

(+11) 

2.159 

(+15) 

2.090 

(+11) 

2.1C6 

(+15) 

2.230 

(+18) 

2.081 

(+11) 

2.0G2 

(+10) 

2.100 

(+12) 

2.009 

(+7) 


Mean P= 2. 110 pcf (+12) 


Figure 4-S. Densities of Individual Pieces and Percent Variation 
From Nominal, Panel 71-12 
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PANEL 71-14 


Density in pcf 
(Variation) 


UPPER SHEET 

a) 


Nominal Density = 1. 8 pcf 
P-P^ 

Variation: x 100% 




MIDDLE SHEET 

( 2 ) 


LOWTIR SHEET 

(3) 


1,91 

1.89 

1.97 


(+5) 

(+9) 

1.89 

1.99 

2.07 

(+5) 

(+11) 

(+15) 

1.81 

2.0 

2.06 

(+1) 

(+11) 

(+14) 

Mean p = 

1.054 pcf (+9) 

1.45 

1.41 

1.47 

(-19) 

(-22) 

(-18) 

1.58 

1.58 

1.C5 

(-12) 

(-12) 

(-8) 

1.45 

1.54 

1.C3 

(-19) 

(-14) 

(-9) 

Mean p 

*1.53 pcf (-15) 

1.91 

2.08 

2.0 

(9f) 

(+16) 

(+11) 

2.02 

2.18 

2.14 

(+12) 

(+21) 

(+19) 

1.97 

2.18 

2.12 

(49) 

(^1) 



(+18) 


Mean p » 2.07 pcf (^IS) 


Figure 4-6. Densities of Individual Speclnens and Percent 
Variation from Nominal, Panel 71-14 
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while the upper and lower sheet had a combined mean density of 32.2 kg/m^ (2.01 pcf). 
The largest variation from the nomi.ial was -22% and was found in Panel 71-14, piece 
1-2-2. The lateral density gradients are not as severe with the largest variation 
from the nominal being +9% and found in Panel 71-14, stack 2-3-X (Table 4-1). 

Density gradients were checked on eight of twelve panels in the group 71-15 to 71-26. 
The data indicates that there is a negative density gradient toward the corners of the 
panels. The middle sheet of the panels also had a lower density. Data from the 
eight panels is summarized in Table 4-2. The largest single piece variation from 
the nominal was 31% and occurred in Panel 71-18, piece 2-1-1. Overall, Panel 
71-16 had the smallest density gradients while Panel 71-20 ranked second best. 

Since the edge pieces from all eight panels had very large density variations, an 
analysis was made on only the interior pieces. The nominal density is the average 
density of the interior pieces. The results are given in Table 4-3. In all cases the 
nominal density of the interior pieces is higher than the nominal density of the full 
panel. 

Six additional 71-panels were cut into small pieces and the density of each calculated 
to determine the magnitude of longitudinal and lateral density variations. A summary 
of the density data is presented in Table 4-4. The first four panels listed were all 
blown with the dichloroethane (DCE) and petroleum ether (SEP) blowing agents and 
the last two, Panels 71-34 and -36, were blown with only the DCE agent. The 71-36 
panel was injection molded while the others were made from rolled mill sheet. The 
nominal densities of the panels ranged from a low of 37.6 kg/m^ (2.35 pcf) up to a 
high of 46. 1 kg/m^ (2. 88 pcf). The variations in the densities of the three sheets 
from the nominal panel values ranged from a high of +14 percent on the outer sheets 
to a low of -15 percent on the inner sheets. In general, the sheets cut from the -34 
and -36 pands showed larger variations from the nominal than did the sheets cut 
from the other four panels. A similar conclusion can be drawn from the data shown 
in Table 4-4 for the individual pieces. Both the largest positive and negative 
variations from nominal values occur in pieces cut from Panels 71-34 and -36. 




Table 4-1. Maximum 

Deviations 



Overall 

Max. Longitud. 

Max. Lateral 

Max. Density 


Denstty 

Density 

Density 

Variation 


kg/m 

Variation From 

Variation From 

of any Piece 

Panel 

(PcQ 

Nominal 

Nominal 

From Nominal 

71-12 

30.1 
(1. 88) 

12% 

+8% 

+19% 

71-14 

28.8 

(1.80) 

±15% 

+9% 

-22% 
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Table 4-2. Density Gradient Summarj’ Sheet 






original page p 
OP POOR QUAIlW 



































































































































































Table 4-4. Summary of Etensity Variations Within Panels 































































Also, the two panels blown with DCK ranked sixth and eight best out of the eight panels 
subjected to thermal performance testing. The panels blown with DCE are clearly 
inferior to the panels blown with the combination of DCE and SBP both in terms of 
uniformity of internal structure and overall thermal performance. 

A total of seventeen 5 cm (2-lnch) thick panels were sliced into sheets and then cut 
into small pieces for density variation analysis. Of these sevemeen, 11 were manu- 
factured with the DCE/CNU combination of blowing agents, four with the DCE/SBP 
combination, and two with only DCE blowing agent. In general the LCE/CNU panels 
exhibited the least average density variation from the nominal values, the DCE/SBP 
panels only slightly higher, and the two DCE panels exhib'+ed considerably higher 
average density variations than the other panels tested. It should bo noted that this 
same ranking applies .o the thermal conductivity results where the DCE/CNU panels 
were clearly the best. The clear superiority of the DCE/CNU blowing agent combina- 
tion with regard to uniformity and thermal performance was the primary factor 
resulting in its selection for use in a follow-on PPO foam order. 

Lateral density measurements were made on representative samples of the follow-on 
PPO foam order. Nine 10. 2 x lO. 2 cm (4x4 in. ) pieces. Figure 4-7, were cut 
from each of ten pands. Table 4-5 summarizes the results of the density measure- 
ments made on each panel. The largest lateral density variation measured was 10%. 

Table 4-5. Summary of Lateral Density Variations, 72-Panels 


Panel 

No. 

— 

Original 

Thickness 

cm 

(in.) 

Teat 

Thickneaa 

cm 

(in.) 

Nominal 

Density 

kB/m^ 

(lb/ft3) 

Maximum 
Lateral Variation 
From Nominal 

0 

j72-lU 

i 

7.62 

(3) 

2.54 

(1.00) 

28. 19 
(1.78) 

— 

t- 

1 

1 

172-3 

J 

7.02 

(3) 

7.14 

(2.81) 

25.25 

(1.58) 


m 

2.S4 

0) 

2.54 

(1.00) 

28.11 

(1.75) 

♦9 

172-29 

5.08 

<2) 

4.60 

(U-l) 

38.05 

(2.41) 

-6 

j72-32U 

5.08 

(2) 

fgmm 

44.49 

(2.78) 

►5 

(72-34 U 

5.08 

(2) 

KsEHl 

46.23 

(2.89) 

-5 

72-41 U 

7.62 

^TJ) 

2.54 

(1.00) 

40.92 

(2.55) 

-4 

|72-SS 

2.54 

(1» 

2.51 

(.09) 

40.94 

(2.56) 

-10 

i72-C0 

i 

mm 

2.45 

(.96) 

50.07 

(3.13) 

-10 

[ 

j72-74U 

02^ 

(3) 

i.45 " 

(•90) 

ClTTO 

ra.82) 

-8 
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Figure 4-7. Identification of Cut Density Specimens for 
72 - Panels 
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4.1.2 FINaL production PANELS. Ten PW) foam panels were receiver] from ihe 
manufacturer, Plastics and Rubber Institute TNO, Delft, Holland, in April 1975. 

The panels were manufactured to the specification in Section 2. 1 of this report. An 
inventory of these ten panels is listed in Appendix A Including ingredients aixl 
configuration data. These resin sheets were mixed with DCE/CNU blowing agent, 

VER nucleating agent and blown from a single rolled mill sheet in a closed press. 

The panel quality is excellent. Density gradients were measured in two of the panels, 
75-7 and 75-9, by Convalr and in one of the panels, 75-8 by TNO. Dimensional tmd 
density gradient data are listed in Tables 4-6, 4-7, 4-8. Dimensions and longitudinal 
density gradients arc within specification limits. A few pieces appear to be outside 
the lateral density gradient limit of ±5%. Those which dv) not meet the tolerance 
limit are always on the low side. The deviation of a subpanel is based on the p. 
density value of a full size piece before it is cut into ninths (see Figure 4-1). If the 
allowable ±59c deviation is based on the average density of the nine subpanels after 
cutting, then the lateral gradients are within the specified limits. An Investigation 
into this phenomena revealed that piece lumber 3,3,3 from panel rumber 75-9 
weighed 28. 1 gm (0.062 lbs) just after cutting and 27.3 gm (0.060 lbs) after 30 days 
which Included some handling. The conclusion is that loose partlciTate resin 
dislodged from the subpanel in sufficient quantity to show a measurable weight reduction. 
Visible quantities can be dislodged by tapping on a table top. This loose material does 
not however affect the thermal or mechanical quality of the foam material. 

4.2 MECHANICAL STRENGTH 

The mechanical strength of PPO foam has been evaluated at temperatures of 2 IK 
(-422F), 294K (70F) and 422 K (300F) for a wide range of foam densities. Strength 
tests were performed parallel to the foam, cells and perpendicular to the foam cells 
in both tension and compression. The results of the strength tests have been correlated 
with foam density. 

The strength tests were performed according to ASTM C297. For the parallel tests, 

5.08 cm (2 In) square by thick PPO foam blocks were used. The perpendicular 
specimens were 2.54 cm (1 In) high by 5. 08 cm (2 In) long by thick. In the compres- 
sion tests, the foam blocks were placed between two parallel hardened steel blocks. 

The tensile specimens were bonded to alumlmm blocks, then pinned into fixtures glm- 
balled In two directions to Insure that only axial loading resulted. The specimens tested 
at 294 K (70F) and 422K (300F) were bonded using Epon 934 epoxy adhesive, speci- 
mens tested at 2iK (-422F) were bonded using Crest 7343 polyurethane adhesive. 

All tensile failures occurred In the foam. The test temperatures were controlled 
by two methods. The specimens tested at 2lK (-422F) were submerged In liquid 
hydrogen, for five minutes before starting the test. The tests at 422K (300F) were run 
In a Mlsslmers chamber. Specimen temperature, was measured with a thermocouple, 
was held at 422K (300F) for ten mlnites before tc itlng. 
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Table 4-6. PPO Foam Panel 75-7 Density Gradients 


Panel No. 


75-7 


Specitied Data for Trimmed Panel 
Lg = 70 cm, 

Trimmed Panel Measurement? 


Wg = 60 cm. 


tg=47. 5 mm, p = ^*0 kg/m^ 


L 

W 


( )g - 5 mm 

.< >m 

( )g + 5 mm 

69.5 

69.9 

70.5 

59.5 

59.7 

60.5 

( ) - 0.25 nun 

s 

' m 

( )g + 0.25 mm 

47.25 

47.7 

47.75 

( >3 X (1-0. 05) 


( )gX(l+0.05) 

38.0 

42.0 1 

42.0 


Sheet Measurements (Longitudinal Variation) 

Pk 

I 1 

Pm 
Pfc>=l 

^*3 


Pj„x(l +0.1) 


37.8 


46.2 1 


iSTS 


39.25 

44.5 


Piece Measurements (Lateral Variation) 
k « 1 k> 


In 

Spec 


X 


Out of 
Spec 


X 


X 



In Out ot 
Spec Spec 


IT ■ 


X 


X 



k« 3 


PjjX(l-.05) y(l+.05) x(l-.05) x(l+.05) 


Pk 43, 

,_6_ 46.2 


L 37. 

3 41.2 





In Oul 


In 

Out 

Pl,l,k 

45.2 


B 



37.1 



m 

P2.1,k 

46.7 


B 



39.1 


B 

■ 

P3,l,k 

46.3 


B 



39.1 


El 

ZJ 





■ 


Pl,2,k 

46.6 


El 



5775^ 


El 


P2,2,k 

47.5 


B 



39.4 


U 


^3,2,k 

47.0 


El 

_ 


39.2 


y 



p|^x(l-.05) x(l+.05) 


42.3 


46.8 


In Out 


42.4 


E 


44.7 


E 


43.8 


m 






iiS 


45.3 


y 


43.9 


m 



Pl,3,k 

P2,3,k 

^3,3,k 

Average 


45.0 


El 


46.0 

El 


44.7 

B 



46.1 
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10“ 


44.0 


m 

■ 

m 

■ 

li; 

■ 


I 




i 


1 a 





































Table 4-7. PPO Foam Panel 75-8 Density Gradients 


Panel No. 75-8 

1. Specified Data for Trimmed Panel 


2 . 


4. 


Lg = 03 cm. 


= 65 

Trimmed Panel Measurements 


Wg = 55 cm, 


tg= 50 


mm. 




= 40 


kg/m" 


L 

W 


( )g - 5 mm 

< >m 

( )g + 5 mm 

64.5 

65.0 

65.5 

54.5 

55.0 

55.5 


In 

Spec 


Out of 
Spec 


X 

— 

X 



( )g - 0.25 mm 


( ) 


m 


( )g + 0.25 mm 


49.75 

49.8 - 50.2 50.25 I 

X 



( >-X(l-0.05) 


( ) 


m 


( )_x (1+0.05) 


38.6 

39.7 

42.0 

X 



Sheet Measurements (Longitudinal Variation) 
Pm ^ 1) PR 


p^x(i +0.1) 


Pm 
Pk-=i 
Pfc«2 

Piece Measurements (Lateral Variation) 

k ■ 1 

p|jX(l-.05) y(l+.05) 


35.7 


43.7 


43.3 


36.1 

43.4 


In 

Spec 


Out of 
Spec 


X 




Li_ 



k a 2 

x(l-.05) x(l+.05) 


k- 3 

pjjX(l-.05) x(l+.05) 


Pk 


41.1 


45.5 


34.3 


37.9 


TTTT 


45.6 


In Out 


Pl.l.k 

P2.1,k 

P3,l,k 

Pl.2,k 

P2,2,k 

P3,2,k 

Pl,3,k 

P2,3,k 

P3,3,k 

Average 


44.1 


44.2 


42.3 


B 

■ 

Q 

■ 

1^3 

■ 


In Out 


] 


In Out 


37.4 


37.4 


36.8 


44.5 


45.4 


43.5 


X 


X 


X 



43.1 


44.! 


42.0 


B 


IB 


B 



37.1 


37.8 


36.5 


43.9 


44.8 


43.1 


41.8 


42.2 


40.8 


B 


B 


■ 

3 


35.4 


35.7 


35.6 


m 

■ 


■ 


■ 


"40" 


■?I7f 




42.8 


36.6 

4-16 


43.6 


1 
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Table 4-8. PPO Foam Panel 75-9 Densit Jrauitrits 


Panel No. 


75-9 


1. Specified Data for Trimmed Panel 

Lg = 70 cm, Wg = 60cm, 

2. Trimmed Panel Measurements 


tg=47.5mm, p = 40 kg/m^ 


L 

W 


Pm 


( )g - 5 mm 

< >m 

( )g + 5 mm 

69.5 

69.8 

7575 

5575 

59.6 

60.5 1 

( )„ - 0.25 mm 
s 

< >m 

( )g + 0.25 mm 

47.25 

47.37 

47^75. __ 

( )gX(l-0.05) 

^ ^m 

( )gX (1+0.05) 

38.0 

40.1 

42.0 

Measurements (Longitudinal Variation) 


Pm X (1-0.1) 

Pk 

Pm X (1 + 0. 1) 

36.1 


44.1 


43.2 



37.7 



43.0 



In 

Spec 

~ir~ 


Out of 
Spec 


X 


In 

Out of 

Spec 

Spec 

X 


X 


X 



4. Piece Measurements (Lateral Variation) 

k ■ 1 

PuX(i-.05) y (1+.05) 


k» 2 

x(l-.05) x(l+.05) 


k» 3 

PjjX(l-.05) x(l+.05) 


Pk 


41.0 


45.3 


35.8 


In Out 


39.6 


40.8 


45.1 


Pl.l.k 

P2,l,k 

P3,l,k 

Pl,2,k 

P2,2,k 

*’3,2,k 

Pl,3,k 

P2,3,k 

P3,3,k 

Average 


40.9 


41.9 

40.6 


43,6 

44.3 

42.4 


43,3 

43.6 

42.0 


42.5 



X 

_X 



~K 


In Out 


In Out 


36.1 


36.8 

35.4 


38.0 

38.5 

36.7 

38.2 

38.5 

36.4 


37.2 

4-17 


41.7 


42.9 

40.5 


43.7 
44.6 

41.8 


48.0 

48.5 

40.7 


42.5 
















Table 4-9. Parallel Tensile Strength of PPO Poam 


Pand 

No. 

Temp. 

Strength , kN/m^ (psi) | 

72- 

-lU 

72- 

-3 

72- 

18 

72- 

-29 

72- 

-32U 

21K 

1655 

(240) 

1103 

(160) 

1772 

(257) 

1538 

(223) 

2089 

(303) 

(-422F) 

1427 

(207) 

876 

(127) 

1669 

(242) 

1710 

(248) 

1862 

(270) 


1482 

(215) 

938 

iim 

1358 

1197} 

1296 

(188) 

1696 

1^6} 


1521 

(221) 

972 

(141) 

1600 

(232) 

1517 

(220) 

1882 

(273) 

Ambient 

1213 

(176) 


(102) 


(265) 

1510 

(219) 

2158 

(313) 


1151 

(167) 

841 

(122) 

1896 

(275) 

1524 

(221) 

2158 

(313) 


1248 

ilMi 

662 


1937 

IMi 

1620 

(235) 

2151 

(312) 



(175) 

731 

(106) 

1889 

(274) 

1551 

(225) 

2158 

(313) 

422K 

614 

(89) 

365 

(53) 

911 

(138) 

745 

(108) 

972 

(141) 

(+300F) 

538 

(78) 

372 

(54) 

876 

(127) 

696 

(101) 

1048 

(152) 



(88) 

352 

(51) 

896 

(130) 

710 

1103} 

1034 

IM} 


586 


359 

(52) 

903 

(131) 

717 

(104) 

1020 

(148) 


Panel 

Temp. 




Strength, kN/m^ (psi) 





72- 

-34U 

72-41U 

72 

-55 

72- 

-60 

72- 

-74U 

2 IK 

2751 

(399) 

1669 

(242) 

1772 

(257) 

1572 

(228) 

3165 

(459) 

(-422F) 

2565 

(372) 

1786 

(259) 

1669 

(242) 

1262 

(183) 

3137 

(455) 


2579 

(374) 

1917 

(278) 

1358 

(197) 

1475 

1M4} 

2861 

(415) 


2634 

(382) 

1793 

(260) 

1600 

(232) 

1434 

(208) 

3054 

(443) 

Ambient 

2317 

(336) 


(235) 

1827 

(2G5) 

1227 

(178) 

2613 

(379) 


2275 

(330) 

1731 

(251) 

1896 

(275) 

1207 

(175) 

2579 

(374) 


2372 

im 

1572 

(228) 

1937 

1^1} 

1207 

(175) 

2710 

(393) 


2324 

(337) 

1641 

(238) 

1889 

(274) 

1213 

(176) 

2634 

(382) 

422K 

1117 

(162) 

979 

(142) 

911 

(138) 

552 

(80) 

359 

(52) 

(+300F) 

1117 

(162) 

1062 

(154) 

876 

(127) 

531 

(77) 

1338 

(194) 


1069 

(155) 

876 

0^ 

896 


579 

(84) 

862 

il^ 




972 

(141) 

910 

(132) 

552 

(80) 

855 

(124) 
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The results of the mechanical strength tests are summarized in Tables 4-10 tlirough 
4-12. Since the foam specimens do not fall in perpendicular compression, the tests 
were stopped at 20% deformation and the yield strength taken at a 2% offset. Typical 
stress failures are shown in Figures 4-8 through 4-10. Figure 4-8 shows the two 
locations where parallel compressive failures occurred. The compressive failures 
occur in the low density middle section of the foam; which is the center of a normal 
panel on the right side of Figure 4-8 and the lower surface of the piece cut from the 
outer thix’d of a large panel (specimen on the left side of Figure 4-8). Figure 4-9 
shows perpendicular (specimen on the left) and parallel (specimen on the right) tensile 
failures. Figure 4-10 compares a perpendicular tension specimen tested at 294K 
(70F) with a similar specimen from the same foam panel tested at 422K (300F). Note 
that the specimen run at 422K (300F) elongated with a reduced cross-section while 
specimens run at the lower temperatures has a constant cross-section. 

Figure i-11 shows the strength of PPO foam as a function of density. The two low 
parallel tension data points at a density of 50. 0 kg/m^ (3. 13 Ib/ft^) are from panel 
72-60 which had a severely curved cell structure resulting in reduced parallel tensile 
strength. Density gradients through the foam test specimens results in a scatter of 
the strength data. The strength of PPO foam increases with increasing density. 
Figure 4-12 shows the strength of PPO foam as a function of temperature. Parallel 
tension and compression and perpendicular tension and compression are shown. 

The strength decreases with increasing temperature with an upper usable limit near 
422K (300F). 
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Table 4-10. Parallel Compressive Strength of PIK) l-’oam 


'\^Panel 

Strength, kN/m^ (psi) 

No. 











Temp/\^ 

72- 

-lU 

72-3 


72 

-18 

72- 

-29 

72- 

-32U 

21K 

296 

(43) 

159 

(23) 

248 

(36) 

986 

(143) 

1027 

(149) 

(-422F> 

310 

(45) 

159 

(23) 

407 

(59) 

917 

(133) 

1110 

(161) 


269 

(39) 

234 

134} 

283 

141} 

1000 

1145} 

1145 

IM} 


290 

(42) 

186 

(27) 

310 

(45) 

965 

(140) 

1096 

(159) 

Ambient 

207 

(30) 

145 

(21) 

179 

(26) 

621 

>90) 

800 

(116) 


207 

(30) 

152 

(22) 

200 

(29) 

641 

(93) 

855 

(124) 


207 

130} 

145 

(21) 

255 

(37) 

641 

19^ 

855 

(124) 


207 

(30) 

145 

(21) 

214 

(31) 

634 

(92) 

834 

(121) 

422K 

159 

(23) 

110 

(16) 

103 

(15) 

421 

(61) 

490 

(71) 

(+300F) 

145 

(21) 

110 

(16) 

117 

(17) 

441 

(64) 

517 

(75) 


159 

(23) 

103 

(15) 

no 

(16) 

421 

(61) 

524 

(76) 


152 

(22) 

no 

(16) 

no 

(16) 

427 

(62) 

510 

(74) 


Panel 




Strength, kN/m^ (psi) 




\No. 

Temp/\ 

72- 

■34U 

72- 

-41U 

72 

-55 

72-60 


72- 

■74U 

21K 

1365 

(198) 

765 

(111) 

1255 

(182) 

414 

(60) 

2000 

(290) 

(-422F) 

1269 

(184) 

883 

(128) 

1131 

(164) 

434 

(63) 

1613 

(234) 


924 

1134} 

807 

(117) 

1379 

(200) 

586 

(85) 

1496 

(217) 


1186 

(172) 

820 

(119) 

1255 

(182) 

476 

(69) 

1703 

(247) 

Ambient 

855 

(124) 

538 

(78) 

G83 

(99) 

234 

(34) 

1041 

(151) 


855 

(124) 

538 

(78) 

827 

(120) 

310 

(45) 

1055 

(153) 


869 

1126} 

538 

(78) 

876 

1127} 

669 

197} 

986 

1143} 


862 

(125) 

538 

(78) 

793 

(115) 

407 

(59) 

1027 

(149) 

422K 

524 

(76) 

386 

(56) 

552 

(80) 

159 

(23) 

662 

(96) 

(+300F) 

510 

(74) 

359 

(52) 

545 

(79) 

207 

(30) 

648 

(94) 


545 

J2§} 

359 

(52) 

476 

(69) 

172 

125} 

648 

194} 


524 

(76) 

365 

(53) 

524 

(76) 

179 

(26) 

655 

(95) 
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Table 4-11. Perpendicular Tensile Strength of PIK) Foam 


N. Panel 
\no. 




Strength kN/m^ (psi) 















Temp. 

72- 

-lU 

72- 

■3 

72- 

■18 

72- 

-29 

72- 

•32U 

21K 

138 

(20) 

97 

(14) 

186 

(27) 

365 

1 

(53) 

•127 

(62) 

(-422F) 

172 

(25) 

69 

(10) 

179 

(26) 

207 

(30) 

359 

(52) 


172 

iM) 

97 

iii) 

152 

(22) 

255 

(37) 

269 



159 

(23) 

90 

(13) 

172 

(25) 

276 

(40) 

352 

(51) 

Ambient 

193 

(28) 

138 

(20) 

179 

(26) 

310 

(45) 

421 

(61) 


193 

(28) 

138 

(20) 

186 

(27) 

310 

(45) 

310 

(45) 


193 

(28) 

145 

i21J 

172 

(25) 

290 

(42) 

448 



193 

(28) 

138 

(20) 

179 

(26) 

303 

(44) 

393 

(57) 

422K 

117 

(17) 

76 

(11) 

103 

(15) 

338 

(49) 

207 

(30) 

(+300F) 

103 

(15) 

69 

(10) 

90 

(13) 

352 

(51) 

186 

(27) 


103 

iMJ 

69 

(10) 

83 

(12) 

386 

(56) 

228 

m 


110 

(16) 

69 

(10) 

90 

(13) 

359 

(52) 

207 

(30) 


Panel 
\ No. 




Strength, kN/m^ (psi) 





Temp. 

72 

-34U 

72 

-41U 

72 

-55 

72- 

-60 

72- 

■74U 

21K 

303 

(44) 

359 

(52) 

331 

(48) 

455 

(66) 

841 

(122) 

(-422F) 

421 

(61) 

310 

(45) 

303 

(44) 

552 

(80) 

552 

(80) 


- 

- 

317 

(46) 

379 

(55) 

372 

(54) 

524 

(76) 


365 

(53) 

331 

(48) 

338 

(49) 

462 

(67) 

641 

(93) 

Ambient 

414 

(60) 

338 

(49) 

359 

(52) 

517 

(75) 

600 

(87) 


393 

(57) 

317 

(46) 


(58) 


(73) 

510 

(74) 


386 

(56) 

317 

(46) 

345 



(71) 

572 

(83) 



(58) 

324 

(47) 

365 

(53) 

503 

(73) 

558 

(81) 

422K 

117 

(17) 

179 

(26) 

186 

(27) 

234 

(34) 

221 


(+.300F) 

207 

(30) 

172 

(25) 

214 

(31) 

228 

(33) 

276 



179 

(26) 

165 

(24) 

186 

127) 

221 

(32) 

269 



165 

(24) 

172 

(25) 

193 

(28) 

228 

(33) 

255 
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Figure 4-8 . Tyijical I’arallel Compressive Failures in IM’O Foam 


m 
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Figure 4-9. Typical Tensile Failures in PPO Foam 
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:':gure 4-10 Comparison of Perpendicular Tensile Failures In PPO Foam 
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Figure 4-11. Variation of PPO Foam Strength With Foam Density 
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Figure 4-12. Strength oC PPO Foam as a Function of Temperature 
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SKCTION 5 

THERMAL EN\TH0N':ENT TESTS 


5. 1 THERMAL SOAK 

IXiring the course of a Space Shutdo mission cycle, the internal insulation system of 
the liquid hydrogen propellant tanks will be subjected to severe extremes of thermal 
environments. The moat critical phase of the mission, from the standpoint of the 
insulation system, will most likely be atmospheric entry where the empty i)ropcllant 
tanks will be heated to a temperature as high as 450K (350F). The insulation material 
must be capable of withstanding repeated exposures to tiiis environment with a 
minimum of permanent dimensional and weight change and with a minimal reduction 
in mechanical strength. 

IM’O foam specimens, taken from panels blown with dichloroethane, have been 
subjected to long term exposure at elevated temperatures in various gas environments 
lo evaluate the effect on material physical characteristics. Eighteen foam specimens, 

7.6 < 12.7 X 4.6 cm (3 x 5 x 1.8 in.), were weighed and measured, installed in 
three purge bags (6 in each bag) and placed in a circulating air oven. The three 
bags were purged with gaseous helium, nitrogen, and air, respectively. The oven 
was heated to 450K (350F) and. the samples were withdrawn from the bags according 
to a predetermined schedule. The time at 450K (350E) and the resulting weight and volume 
changes for each specimen are shown in Table 5-1. Weight changes were typically 
less than one percent and were generally negative for the samples purged with GHe 
and GNjj and positive for the samples purged with air. All of the ^ecimens shrunk 
"* during the exposure with volume changes ranging from -1 to -4.4 percent. The 

resulting density increases for the 18 specimens ranged from 0.4 to 5.6 percent. 


Table 5-1. PPO Foam Thermal Soak at 450K (350F) 




Weight Change 


Volume Change 

1 


Time at 430K 

GHe 

GNg 

Air 

GHe 

GN2 

Air 

Spec. No. 

(350F) (hrs) 

(%) 

(%; 



(%) 


1 

2.7 

+ 0.3 

-0.3 

0 

-1.5 

-2.3 

-2.4 

2 

6.0 

-0.6 

0 

-0.3 

-1.0 

-2.6 

-0.6 

*3 

9.5 

-0.6 

-0.6 

0 

-1.0 

-1.4 

-2.4 

4 

24.25 

+ 2.5 

-0.3 

+ 0.3 

-2.7 

-2.7 

-4.0 

5 

28.25 

-0.3 

-0.7 

+0.6 

-3.1 

-2.4 

-4.4 

6 

28.25 

-0.6 

-0.3 

+0.6 

-4.1 

-2.2 
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As shown ir Figure 5-1, the samples soaked in air l:>ecame progressively darker 
with exi^sure to the 4.10K (.‘!50Fi environment indieatiim' that an oxidation process was 
occurring. The other 12 samples soaked in helium and nitrogen showed no discolora- 
tion after exposure at the same temperature and times. 


A total of five separate thermal aging test runs were made in the laboratory series of 
tests. In the first three, specimens of PPO foam were sealed in glass tubes in 
specified gas atmospheres and aged at 450K (350F) for various periocis of time. Both the 
foam and the gas atmospheres were .analyzed for evidence of deterioration of the foam. 
The test conditions and procedures for these three runs are shown in Tables 5-2, -3, 
and -4. In the fourth test run, a weighed and measured block of foam was aged in a 
hydrogen atmosphere in a steel bomb at elevated temperature. At specified times the 
hydrogen atmosphere was analyzed for o’ddence of foam deterioration, and the foam 
block was reweighed aad remeasured. At the end of the test the foam block was 
exposed to the ambient air for 48 hours and again measured and weighed. The 
nrocedure and conditions for this test run are given in Table 5-5 . 



Figure 5-1. Thermal Soak Specimens 
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Table 5-2. Conditions for Thermal Soak Test Run No. 1 


Preparation 


Test 

Duration 

Temperature 

Sample No. 

Evacuate to 
1 mm Pressure 

Backfill 

With 

48 hrs 

450K 

A 

+ 

H2 


(350F) 

B 

+ 

He 



C 

+ 

N2 



D 

+ 

Air 



E 

- 

Air 


Procedure :Obtain five glass cylinders approximately 1 cm (.4 in) diameter by 15 cm 
(5. 9 in) long. Seal one end of the cylinder and allow to cool. Cut PPO 
foam speconens approximately 0. 7 cm (0. 3 in) diameter by 4. 5 cm (1. 8 in) 
long and place in the tubes. Evacuate tubes A through D to 1 mm pressure 
and backfill with the test gas. Seal the open ends of the tubes. Place tubes 
in oven at 450K (350F) for 49 hours. Remove and cool. Run infrared and 
mass spectrometer analyses on the gas in tht ;bes. Run infrared analyses 
on the PPO foam specimens. 


Table 5-3. Conditions for Thermal Soak Test Run No. 2 


rest 

Duration 

Temp. 

Sample 

No. 


Preparation 


Evacuate 
to 1 mm 
Pressure 

Backfill 

With 

Evacuate 
to 1 mm 
Pressure 

Backfill 

With 

24 hrs 

450K 

A 

+ 

H2 

+ 

H2 


(350F) 

B 

+ 

He 

+ 

He 



C 

+ 

N2 

+ 

N2 



D 


Dry Air 

- 

- 



E 

- 

Amb. Air 

- 

- 



F 

+ 

- 

- 

- 


Procedure: Obtain six glass cylinders approximately 2 cm (0. 8 In) dla by 15 cm (5. 9 
in) long, with vacuum stopcocks on one end. Cut PPO foam specimens 
approximately 1.5 cm (0.6 In) dla by 4.5 cm (1. 8 In) long and place In 
the glass tubes. Evacuate tubes (except tubes D and E) to 1 mm (0. 04 In) 
pressure and backfill (except tube F) with the test gas. Repeat the 
evacuation and backfill. Seal the open ends of the tubes. Place the tubes 
In the oven at 450K (350F) for 24 hours. Remove and cool. Obtain 
color i^otograph of the six tubes. Run Infrared and mass spectrometer 
analyses of the gas In the tubes. Run Infrared analyses of the PPO foam 
specimens. 





Table 5-4, Conditions for Thermal Soak Test Run No. 3 


Preparation 


Test 

Duration 

Temp. 

Sample 

No. 

Evacuate 
to 1 mm 
Pressure 

Backfill 

With 

Evacuate 
to 1 mm 
Pressure 

Backffll 

With 

104 hrs 

450K 

A 

+ 

H 2 

+ 

H2 


(350F) 

B 

+ 

N2 

+ 

N2 



C 

+ 

He 

+ 

He 



D 


Air 

+ 

Air 



E 

Purge tube with 15 volumes of GN2 




F 

+ 

- 


- 


Procedure: Obtain six glass cylinders approximately 2 cm (0. 8 in) dia by 15 cm 

(5.9 in) long, and seal one end. Cut PPO foam specimens approximately 
1.5 cm (0. 6 in) dia by 4. 5 cm (1.8 in) long, and place in the tubes. 
Evacuate tubes (except E) to 1 mm (0. 04 in) pressure and backfill. Seal 
the open ends of the tubes. Obtain color photograph of the six tubes. 
Place tubes in an oven at 450K (350F) for 104 hours. Obtain a color 
photograph of the tubes during the test at 24 hours, 48 hours, 72 hours, 
96 hours, and 104 hours. Remove the tubes from the oven and cool. 

Run infrared and mass spectrometer analyses on the gas in the tubes. 
Run infrared analyses on the PPO foam specimens. 


Table 5-5. Conditions for Thermal Soak Test Run No. 4 


Preparation 


Test 


Sample 

Evacuate 
to 1 mm 

Backfill 

Evacuate 
to 1 mm 

Backfill 

Duration 

Temp. 

No. 

Pressure 

With 

Pressure 

With 

24 hrs 

4.50K 

A 

+ 

H2 

+ 

»2 

48 hrs 

(350F) 

B 

+ 

«2 

+ 

«2 

72 hrs 


C 

+ 

»2 

+ 

«2 

140 hrs 


D 

+ 

H2 


»2 

Procedure: 

Obtain accurate dimensions and weight of a 

block of PPO foam approx, 


4.5 X 4.5 X 12.5 cm (1.8 x 1.8 x 4.9 in). Hace in steel bomb, evacuate 
to 1 mm pressure and backfill with hydrogen. Repeat evacuation and 
backfill. Place in oven at 450K (350F) for 140 hrs. At 24 hrs, 48 hrs 
and 72 hrs run infrared and mass spectrometer analyses on the gas 
atmosphere and re- weight the PPO foam specimen. After replac.lng 
the specimen In the bomb, evacuate to 1 mm pressure and backfill with 
hydrogen, twice. At 140 hrs, run Infrared and mass spectrometer 
analyses on the gas In the bomb, and rewelgh and remeasure the PPO 
foam block. Allow the PPO foam block to come to equQlbrlum In air 
for 48 hrs, and re- weigh and re- measure the specimen. 
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Analysis methods consisted of mass spectrometer and infrared absorption analyses 
of the gas atmospheres, and infrared absorption analysis of the PPO foam samples. 

Mass spectrometer analysis provides information on the relative amounts of molecular 
species present in the sample in the gas phase. These analyses were made with a CEC 
Model 21-130 Mass Spectrometer. Infrared absorjition luialysis provides information 
on the chemical bonds present in the sample, which may be solid, liquid, or gas. 

These analyses were made with a Perkin-Elmer Model 21 Infrared Spectrophotometer. 

Table 5-6 gives the significant results of the mass spectrometer analyses for the four 
test runs. The actual analyses obtained scan over the entire mass range from m/e 
2 to m/e 50, but no molecular species were detected other than oxygen, nitrogen, 
argon, carbon dioxide, and water, and only the oxygen, carbon dioxide, and water 
were considered significant. The results of Table 5-6 are in terms of relative 
concentration for the three species water (m/e 18), oxygen (m/e 32), and carbon 
dioxide (m/e 44). The last entry in the table gives the typical output for a sample of 
lalx)ratory air as a reference. 

Examination of the data shows a proportional relationship in the amounts of carboti dioxide 
and oxygen. Compare, for example, test runs 2A, B, and C with test runs 2D, E, and F. 
The data also shows an increased amount of water present in the samples with hydrogen 
atmospheres. Examples are test runs lA versus IB and D, and test runs 2A versus 2B, 

C and D. 

Table 5-7 gives the weight and dimension data from test run 4. The data shows that 
although no measurable change occurred in the dimensions of the block, a small weight 
loss, of the order of 0.5%, was detected for the 140 hour run. The foam block did not 
gain back any appreciable amount of the weight loss when equilibrated with ambient 
air wliich indicates that the weight loss was an actual change in the weight of the PPO 
foam, and not just a loss of absorbed water vapor. 

Infrared spectra of the gas atmospheres in the tubes were essentially flat traces 
indicating that no detectable quantities of IR absorbing species were present in the 
gases. Specifically, detectable amounts of carbon dioxide and water vapor which 
would produce absorption bands at 4,5 and 6.0 microns wavelength, respectively, 
were absent. Infrared analyses were also made of the foam, PPO rod stock, and 
sample of PPO resin containing the blowing agent, dichloroethane. The latter 
sample contained an absorption band at 14. 1 microns wavelength indicating the presence 
of the chlorinated hydrocarbon. This band is not present in the spectrum of the foam 
indicating that the blowing agent is essentially removed from the foam during the blow- 
ing process. 
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Table 5-6. Mass Spectrometer Analyses 






Mass Number 


Sample 


18 


44 


No. 

Atmosphere 

H^O 


rOo 

Test 1. 

A 


1.02 

2.14 

.00 


B 

He 

.32 

7.59 

. 20 


c 

^2 


Sample Lost 



D 

Air 

.21 

8.91 

. 15 


E 

Air 


Sample Lost 


Test 2. 

A 

«2 

.75 

.54 

.06 


B 

He 

.34 

3.08 

.17 


C 

N2 

.13 

2.03 

.06 


D 

Air 

.09 

8.71 

. 7.3 


E 

Air 

.13 

8.45 

. 78 


F 

Vacuum 

.33 

8.16 

.47 

Test 3. 

A 

H2 

1.09 

2.93 

.15 


B 

^2 

.14 

1.41 

.04 


C 

He 


Sample Lost 



D 

Air 


Sample Lost 



E 

^2 

.45 

3.91 

.08 


F 

Vacuum 

.47 

8.80 

.56 

Test 4. 

A 

«2 

1.02 

.04 

.10 


B 


.55 

.02 

.06 


C 

Hg 

.71 

.05 

.05 

Air Standard 


.46 

9.53 

.09 

Units for the data are 

chart divisions recorder output per micron sample pressure. 


Table 5-7. Test Run 4 ResultB 




Weight 

Percent Change 

Dimenjions 
± 0. 5 mm (0. 02 in) 

Initial 


9.7715 gm 
(.02154 lb) 

- 

46 X 46 X 128 mm. 
(1.81X1.81X5.04 In) 

24 hrs. 

@ 450K 

9.7465 
(. 02149) 

-0.26 

46 X 46 X 128 

If 

48 hrs. 

@450K 

9.7368 
(. 02147) 

-0.36 

46 X 46 X 128 

It 

72 hrs. 

@ 450K 

9.7328 
(. 02146) 

-0.40 

46 X 46 X 128 

140 hrs. 

@ 450K 

9. 7215 
(.02143) 

-0.51 

46 X 46 X 128 

V 

48 hrs. 

ambient 

9.7255 

(.02143) 

-0.50 

46 X 46 X 128 
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Those samples aged in an oxidizing atmosphere and one sample ;iged for one-half hour 
in air at 505K (150F) showed the presence of a small absorption hand at r>. 8 to 5. !) 
microns wavelength. This band represents the pre.^eiice of a eaibtmvl group, .-'Ueh as 
an ester, aldehyde, or ketone functional group, formed by a chemical reaction, rho 
carbonyl band was not present in the spectra of the other samples. 

A fifth thermal soak test was performed on PPO foam samples Irom the master 72. 
panel order to obtain data relative to changes of the foam under conditions of heat 
treatment. The heat treatment at 150K (350F) was performed under various gas 
atmospheres. Instrumental chemical techniques of infrared si)ectro6copy and mass 
spectrometry were utilized to obtain test data. 

The PPG foiun specimens were tested in glass tubes made with a pressure plate. The 
pressure plate permitted easy introduction of the sample into the analytical instruments 
for testing. Two weighed cylindrical PPG specimens, approximately 2.5 centimeters 
long, 1.5 cm in diameter (1 in. x 0.6 in.) were placed in each of the seven tubes. 
Twice the tubes were evacuated to 1 mm Hg pressure and backfilled with the resiiective 
test gas except in the case of the vacuum specimens Ej and E 2 . Sjiecimens Ej and E 2 
were sealed under vacuum without backfilling. The samples were prepared and tested 
according to the following designations : 


Sample 

A 

PPG Foam 

Low Density ‘10 kg /m 
Low Density 30 kg/m 

(1.87 

pcf) 

Gas 

Hydrogen gas 

B 

(1.87 

pcf) 

Helium gas 

C 

Low Density 30 kg/m^ 

(1.87 

pcf) 

Nitrogen gas 

I) 

High Density 50 kg /m'^ 

(3.12 

ix;f) 

Nitrogen gas 


Low Density 30 kg/m'^ 

(1.87 

pcf) 

Vacuum 

E2 

Low Density 30 kg/m'^ 

(1.87 

pcf) 

Vacuum 

F 

Low Density 30 kg/m^ 

(1.87 

pcf) 

Ambient Air 


The samples were photographed (in their glass tubes) prior to the thermal soak procedure. 
The samples were placed in an oven at 450*K (350*F). They were removed and photo- 
graphed after 52 hours. Forty-eight additional hours of thermal soak concluded the 
test. Additional photos were made of the specimens. 

A stopcock tube with a fitting for the mass spectrometer was attached to the glass 
specimen tube by rubber tubing. A vacuum was drawn to the pressure plate and the 
stopcock turned to a closed position. A metal slug was used to npture the glass pressure 
plate. In this way each sample gas could be introduced into the CEC Model 21-130 mass 
spectrometer. The remaining gas of each test specimen was then introduced into an 
evacuated 10 cm (3.9 In) gas cell for an Infrared spectral analysis on the Perkin Elmer 
Model 21 infrared spectrophotometer. 
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The solid PPG foam specimens (including pre-test samples) were* analyzed on the 
infrared spectrophotometer by a film teclinniue. Benzene was determined to i)c a very 
suitable solvent for this material. Each specimtm was dissolved in a <^rn:dl voluno* of 
the benzene solvent. The solution of the PPG foam was allowed to e\a})orate on a 
sodium chloride plate to yield a plastic film of suitable thickness for analysis. 

As noted in Table 5-'8 of test results, carbon dioxide was found to be a constituent of 
each specimen gas. There a^so was a noticeable al3sence of ox>'gcn in each of th(‘ 
analyzed gas samples. Samples A. C, 1), E., and F showed the presence of 
trichloroethane. The reason that the trichloroethane was not detected in Ej jmd B may 
be attributed to the small sample quantity for test purposes and/or a less than optimum 
transferral of the gas specimen to the infrared gas cell. The trichloroethane is a 
blowing agent for the production of the foam. It also is called Chlorothene Nu under a 
Dow Chemical trade name. The trace quantities of Mass .‘15, 3G in the mass spectro- 
inetric analysis may be attributed to molecular fragments of the trichloroethmu’. All 
samples showed about the same weight loss except for the high density sample mid the 
vacuum sample. 

The PPO foam evolved trichloroethane which was detected in the gas atmospheres at 
the conclusion of the tests. This chemical compound is the principal blowing agent in 
tne production of the PPO foam. The trichloroethane vapor probaljly was trajiped in 
the cells ol the PPO foam from the initial commercial production. The v^or was 
possibly released by cell rupture and/or diffusion during thermal soak. 

Table 5-8- Analysis of Gas in Sample Tubes After Thermal Treatment 


Specimen 

Weight 

Change 

Cf 

( 

Mass Spectrometer Analysis 

Infrared Analysis 



% Hg “e ^2 

CO 2 

Other 
Aj. Trace 


A 

-3.53 

90.6 4.8 

4.6 

H 2 O 

Trichloroethane 

B 

-3,42 

82.5 8.7 

8.8 

M35, 36 


C 

-3. 76 

96.8 

3.2 


Trichloroethane 

D 

-2. 79 

99.7 

0.3 

M35, 36 

Trichloroethane 


-4. 12 

50.7 

49.3 



^2 

- 

49.3 

50.7 

M35, 36 

Trichloroethane 

F 

-3.43 

88.9 

10.1 

1.0 

Trichloroethane 
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All of the samples of the gas atmospheres in which the PPO was thei mally soaked 
showed the presence of carbon dioxide. Oxygen was noticeably absent in the samples. 
This indicates that an oxidation mechanism of some type is operating dering the thermal 
soak, 

Amilysis of the foam itself by infrared spectral tests yielded data on the chemical com- 
position of the material. Both the low density and high density materiids did not show 
any changes when the data ot)tained after thermal soak was compared with data of the 
material prior to test. There was however a slight difference in data between the low 
density and high density malt'rial. 

During the course of the infrared structural analyses of the PPO foam some chemical 
observations were made of the solul)ility of the foam. Benzene was used as a solvent 
to prepare the foam for infrared spectral analysis. All of the low density samples 
subjected to thermal soak showed a decreased solubility compared to the original 
material. The high density sample did not show this solubility alteration. A possible 
explanation of the solubility changes may be the fact that molecular cross linking and 
chain lengthening may be occiuring. The increased molecular weight could result in 
decreased soluljility. 

Examination of the color photographs taken during the test and comparison of the lest 
specimens with pre-test samples reveals that specimens A, B. C, and E all darkened 
slightly to the same degree while specimens 1) (high density foam in Nv) and E (air 
environment) darkened quite noticeably. When compared to the pre-test samples, the 
low density test specimens have a shriveled appearance. 

Microscopic examination of the test specimens reveals a breakdown of the foam 
cell structure in the low’ density specimens. As a result of the thermal soak, 
the cell walls tend to break apart, opening passages for lateral gas convection 
and reducing foam strength. The microphotographs in Figures 5-2 and 5-3 reveal 
the pre-test and post-test low density foam structure. The pre-test photograph 
(Figure 5-2) shows several small voids (largest approximately 0. 76 mm (0.03 inch)), 
but the openings in the cell walls are primarily due to the cutting knife. In the post-test 
photograph (Figure 5-3) three stages of cell wall break-down can lie seen. First the 
wall membrane acquires a frosted appearance. Then the wall tears apart leaving a 
ragged edge. Finally the wall opens completly. That the high density foam did not 
exhibit this cell wall breakdown is probably due to its much thicker cell walls. 

Figures 5-4 and 5-5 are pre-test and post-test microphotographs of the high density 
foam. The dark spots in the foam are bubbles in the cell v’alls. Close examination of 
the pre-test samples (Figures 5-2 and 5-4) reveals many microscopic bubbles in the 
cell walls. In the low density foam, the bubbles are colorless with the exception of an 
occasional dark brown bubble. In the high density foam, many of the bubbles are dark 
brown with an occasional red bubble. After thermal soak, the bubbles in the low 
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densitj' foam appear unchanged (Figure 5-3) while many of the bubbles in the high den- 
sity foam turned uark brown (Figure 5-5). Figure 5-(i gives a close view of the cell 
wall of the post-test high density foam clearly showing the many clear and dark brown 
bubbles. The gasses entrapped in the bubbles are probably the blowing agent (l)CK/ 
CNU) and air. The dark brown color of some of the bubbles is possibly doc to oxida- 
tion of tile bubble wall by air entrapped in the bubble. The red material seen in a few 
of the bubbles is probably the Genitron blowing agent. 

5.2 THERMAL CYCLING 

Samples of PPO foam have been subjected to 100 temperature cycles from 21 to 450K 
(-422 to 350F) simulating the Space Shuttle life cycle. A cutaway drawing of the 
apparatus used for this test is shown in Figure 5-7. The nine 2.54 cm (1.00 in.) 
diameter by 2.54 cm (1.00 in.) thick PPO foam specimens were held in a copper 
can suspended from the positioning rod. The positioning rod, which passe.^’ through 
a seal at the top of the chimney, allows the specimen can to be held in the LH 2 bath, 
the heater or the lower section of the chimney. The chimney insulates the electric 
heater from the LH 2 bath by means of gas stratification. Thermocouples were 
located on the heater, in the center of the stack of foam specimens and at the outer 
surface of the specimens (see Figure 5-7). The cryostat insulates the uH 2 bath by 
means of a 'acuum jacket, an LN 2 guard and external insulation. The foam specimens 
were placer/ in the specimen can, evacuated and helium backfilled, and maintained 
in an O 2 fr';..? atmosphere prior to placement into the cycling apparatus. A view of the 
thermal cycling test setup is shown in Figure 5-8. 

A typical temperature cycle is shown in Figure 5-9. The test procedure for the 100 
temperature cyciss is: 

Procedure for Temperature Cycling of PPO Foam 

1. Raise specimen can into heater. 

2. Turn heat power on (52V). 

3. When specimens are heated to 450K (-i-SSOF). turn heater off and lower specimen 
can to halfway position. 

4. When specimen temperature has dropped to 339K (-t-lSOF), lower the specimen 
can into the LH 2 ^ 

5. After the specimen can has oeen in the LH 2 bath for five minutes, raise the spec- 
imen can to the halfway position. 

6. When the specimen teix 4 >erature reaches 200K (-100F), taise the specimen can 
into the heater. 

7. Turn heater power on (S2V). 
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Figure S-7. Thermal Cycliag Apparatus 







After completion of the 100 thermal cycles, the foam specimens were microscopic- 
ally inspected for evidence of thermal aging. The only signs of thermal aging were 
the darkening of some of the bubbles in the cell walls and an ever-sc-sli^t darken- 
ing in the general appearance of the foam. There was no visible change in cell struc- 
ture. The weight of the specimens decreased by 3. 7% and they shrank 1% in length 
(along the cells) and 0.4% in diameter (perpendicular to the cells). Longitudinal 
compressive strength tests were tlien carried out in the nine PPO foam specimens; 
three at 21K (-422F), three at 294K (70F) and three at 422K (300F). The results of 
these strength tests are shown in Figure 5-10 along with similar results obtained 
using virgin foam. All of the foam specimens, including the virgin material, were 
taken from the same PPO foam panel. Comparison of the strength data for the vir- 
gin and thermally cycled specimens shows no evidence of degradation within the norm- 
al scatter of the strength data. 



32 90 142 201 253 311 367 423 478 

(- 400 ) (- 300 ) (- 200 ) (- 100 ) ( 0 ) ( 100 ) ( 200 ) ( 300 ) ( 400 ) 

TEMPERATURE, K (F) 


Figure 5-10. PPO Foam Thermal Cycling Strength Test Results 
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SECTION 6 


THERMAL CONDUCTIVITY TESTS 


A total of 17 guarded flatplate calorimeter tests were performed to determine the 
thermal conductivity of PPO foam in liquid hydrogen. The first eight tests were 
performed on 50 mm (1.97 in.) panels to screen various foam formulations prior 
to the selection of a preferred combination of blowing and nucleating agents for 
subsequent detailed configuration evaluation. These are referred to as "formulation 
screening" articles in Table 6-1. A preferred formulation was selected and 84 new 
panels, Including 12 quality control panels destructively tested by the vendor, were 
manufactured in various thicknesses and densities. Eight foam configurations were 
selected from this group and tested thermally. They are listed under the heading 
"configuration screening" in Table 6-1. A final production test was run on a panel 
produced by hand but under carefully controlled conditions indicative of automated 
quality control; the last item in Table 6-1. The test specimen, facility, procecture 
and results are discussed below. 

The performance of an open-cell Insulation system Is sensitive to more parameters 
than is a conventional closed-cell system. The open-cell insulation concept relies 
upon a balance between ullage pressure, liquid head, surface tension, and v^por 
pressure forces plus gas expansion due to heat transfer to provide an insulating 
gas layer between the cryogenic liquid and the warm tank wall. The LH 2 tank internal 
pressure and the orientation of the foam cells with relation to the gravity (or 
acceleration) vector, as well as the external thermal environment, affect tlie total 
heat flow through the Insulation system. Consequently the test program evaluated the 
effects of cell orientation, source temperature, and tank pressure to full ract&rlze 
the thermal performance of the material. 

The guarded flatplate thermal conductivity test specimen consists of two 33 cm (13 in. ) 
diameter pieces of PPO foam with 0. 64 mm (0.025 in. ) deep by 27. 9 cm (11. 0 in. ) 
diameter concentrically located area cut out on the inner face of both pieces. Ibis 
recessed area is provided for the heater which is bonded between the two pieces of 
foam. The heater is composed of a guard section and a test section which are 
Independently energized. Ibe guard section minimizes the radial heat losses from 
the test section, providing a minimum temperature difference between the two 
sections. Thermocouples are located on the test and guard heaters to measure the 
At during testing while other thermocouples measure temperatures in the Insulation 
(Figure 6**1). To prevent liquid from penetrating into the insulation around the edges, 
the specimen is wrapped with 181 s^e flbex^ass clotti and coated with a polyurethane 
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Table 6-1. Thermal Conductivity Test Pieces 
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(5) VER • vermiculite, GEN ~ Genitron (azodicarbonamide) 



POLYURETHANE EDGE SEAL 
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Figure 6-1. PPO Foam Thermal Conductivity Apparatus 
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sealant. The first specimen used only sealant but the sealant became brittle and cracked 
when exposed to the LH 2 (Figure 6-2). Therefore only a thin coating of sealant is 
used with the cloth. Since reinforcing cloth has been used, no failures resulted. A 
photograph of a fiberglass-wrapped specimen is shown in Figure 6-3. 

A thermal analysis of the PPO foam thermal conductivity test specimen was made 
utilizing a steady state version of Convair's 2162 computer program. The analysis 
was performed to evaluate the radial heat flow within the specimen. The radial heat 
flow constitutes an error in determining the thermal conductivity of the specimen. 

Figure 6-4 depicts the model used for the analysis. The slash lines indicate an 
adiabatic wall. The "Z" dimension varies along the "X" axis because the model is 
pie shaped. No heat transfer is assumed to occur in the "Z" direction. Other 
boundari' conditions include a constant heat flux value for guard heater nodes 71 
through 76 and a constant heat flux value for node 90, a test heater node (the value 
may or may not coincide with that of nodes 71 through 76). Also, the nodes around 
the periphery are flagged as heat sinks corresponding to the fluid temperature of 
22K (40R). 

The temperature change in the radial direction must be kept as small as possible. 

This can be aecvmjSlshed by regulating individually the power in the test and guard 
sections. This was done with the computer model, holding the guard heater power 
constant and varying the test section power until the At between nodes 71 and 90 
was essentially zero. Figure 6-5 depicts the results of varying the test section 
heater power. The results were converted to a curve for determining the 
percent radial heat loss [(radial heat loss/total test section power input) x 100 ] 
as a function of the temperature gradient at the interface of the test section 
and the guard section heaters (Figure 6-^ ' Figure 6-7 illustrates the steady state 
temperature distribution which losulcs ' mposing a guard section heat flux of 
2664 W/m^ (845 Btu/hr-ft^) and a test riccn- heat flux of 2050 W/m^ (650 Btu/hr-ft^). 

Data from the first PPO foam thermal condictivity tests indicated large temperature 
gradients on the hot face of the test specimen. Temperature differences as graat 
as 14K (25R) occurred between thermocouides No. 1 and No. 8 (Figure 6-1). It 
was suspected that the thin gage aluminum as well as the wide spacing of the heater 
wires, as much as 2. 5 cm (1. 0 in. ) in the center, did not adequately distribute the 
heat. A thermal analysis of the heater section (Figure 6-8) was made in an effort 
to determine the causes and solutions to large temperature gradients on the hot face 
of the specimen. Figure 6-9 depicts the computer model used. The slash lines 
indicate an adiabatic wall. Nodes 1, 11, 21, 31, 41, 51, 61, 71, and 81 are held 
at LH 2 temperature 21K (38R) while node 10, representing the heater wire, is held at 
333K (600R). The **Z" dimensions Is 1.27 mm (0.050 In. ) while all other dimensions 
are as Indicated. Steady state temperatures were computed for alumlnim foil 
thicknesses of 0.076 mm and 0. 127 mm (0. 003 and 0. 005 In. ). The temperature 
gradients along the aluminum for the two cases are depicted In Figure 6-10. The 
maximum AT occurring In the 0. 076 mm (. 003 In) aluminum is about 5. 5K (lOR). This value 
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Figure 6~2. Cracked Polyurethane Edge Seal 
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Figure 6-3. Thermal Conductivity Test Specimen 
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Figure 6-7. Steady State Temperature Diatributioa 
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compares quite well with the test results for the same temperature range. The 14K 
(25IQ AT found In the test results occurred at a much higher temperature condition. 
Increasing the aluminum thickness to 0.127 mm (.005 in) reAices the maximum AT to 3. 3K 
<6R). As a result of this investigation, a new heater was designed. Mlnco Products 
)nc. was selected for manufacture. The ..eating elements are spaced about 2.5 mm 
(0. 1 in.) ^>art and are insulated with K^q>ton tape. The heater is bonded 
between two 0. 127 mm (0. 005 in. ) thick sheets of aluminum foil. 

All thermal conductivity tests were conducted at the Convair Sycamore Canyon 
LH 2 test site. The test specimen was Immersed in LH 2 in a thermally guarded 
ta nk shown in Figur.) 6-1 L The fixtur t for holding and orienting Uie test specimen is 
illustrated in Figure 6-12a for the horizontal orientation and Figure 6“12b for the 
vertical orientation. The specimen can be moved from horizontal to vertical (hiring 
the test without (Opening the tank. Temperatures in the apparatus were monitored by 
36 g^igft Chromel-Constantan thermocouples in conjunction with a Dymec Data 
Ac<|ui8ition f)ystem. There are a total of 11 T. C. *s located in the specimen. 

Figure 6-' Whenever possible the wires were routed along isotherms to 
minimir.e Luge tengierature gradienU. T. C. 1 was used to control the test section 
source temperatures and T. C. *s 9 and 10 were used to monitor the tenrqierature 
difference between the test and guard heaters. The guard heater power was adhisCed 
to minimise this temperature differenc'. Separate oowor supplies were provided for 
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PPO FOAM THERMAL CONDUCTIVITY TEST ERROR ANALYSIS 
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Figure 6-11. Thermal Conductivity Test Tank 

the test and guard heaters. The supplies were adjusted manually, controlling the 
power to ±3 percent. An absolute pressure transducer was used to measure the 
tank ullage pressure. All temperatures, voltages, amperages, anJ the tank pressure 
were measured, printed on tape, and punched on numerical tape by the Dymec system. 
The test data w?l reduced to engineering units by a Varian Data 620 computer and 
tabulated by a Suomberg- Carl son 4020 plotter. The detailed test procedure is 
presented in Appendix B. 

An eff jctive thermal conductivity of the insulation was calculated at each equilibrium 
data point. Since the two halves of the test specimen are the same thickness and 
the same material, it was assumed that the power generated in the test section heater 
was equally transferred through the two sections. Therefore the effective thermal 
conductivity of the foamA'H 2 system is computed using the Fourier equation where 
Q is the total power generated in the test section, t is the insulation thickness (one- 
half the specimen thickness), A is the test section area and is the temperature 
difference between T. C. 1 and the saturation boiling temperature of LH 2 : 

K = - 5 - - 2 - 
*^eff AT 2A 
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Since the thermal conductivity of an internal, open cell, insulation system cannot be 
lower than the conductivity of the gas to which the insulation is exposed, the test 
results are presented in the form of a conductivity ratio of the foam system to 
hydrogen gas, where a r-tio of 1.0 is minimum. The thermal conductivity of gaseous 
hydrogen is depicted in Figure 6-13. Equilibrium hydrogen in the liquid state is 
nearly 100 percent para therefore the thermal conductivity data for para hydrogen 
is used in the data reduction. The data has been curve-fitted and the equation is also 
presented in Figure 6-13. It should be noted that the equation is valid only between 
22 and 244K (40 and 440R). 

6. 1 FORMULATION SCREENING 

Thermal conductivity ratio data for four of the formulation screening panels plus 
three panels tested prior to contract initiation are presented in Figures 6-14 through 
6-17. The two unnunabered panels were manufactured using the dichloroethane blowing 
agent and the vermiculite mcleating agent. The formulations for the remaining panels 
are described in the Appendix A. 

, 2 

All of the horissontal orientation (cells-vertical) data taken at a pressure of 107 kN/m 
(15. 5 psia) is presented in Figure 6-14. The conductivity ratios range from a low of 

1. 1 to a high of 2. 1, with a trend towards higher conductivity ratios at lower mean 

temperature (T^ = (Tj^^j. + The 21.6 mm (0.85 in.) thick specimen was 

quite constant over a broad temperature range with the conductivity ratio remaining 
aroufid 1.4. The poorest performer at low mean temperatures was the 68.6 mm (2. 7 
in) specimen while at increased temperature the performance was good. With the 
insulation in the horizontal orientation an increase in the tank pressure to as high as 
462 kN/m^ (67 psia) Increased the conductivity ratio by only 12 percent (Figure 
6-15). The 21.6 mm (0.85 in. ) thick specimen was Insensitive to pressure increase. 

Test data taken with the specimen in the vertical orientation (cells-horizontal) is 
depicted in Figures 6-16 and 6-17. Again the 21. 6 mm (0. 85 in. ) thick specimen 
was Insensitive to temperature, pressure or orientation change. An examination of 
the 68. 6 mm (2. 7 in) specimen after testing revealed no apparent failures. 

Four additional thermal conductivity tests were performed on formulation screening 
panels 71-30, 31, 33 and 35. The 33-cm (13 in. ) diameter symmetrical test specimens 
were fabricated in the same manner as were the earlier specimens. However, 
several changes were made in the original thermal conductivity test procedure. 

During tests of panels 71-19, 21, 23 and 24 the tank ullage pressure was raised slowly 
from 107 kN/m^ (15. 5 psia) to 276 kN/m^ (40 psia) to determine the effect of absolute 
pressure level on thermal conductivity. No change was made in the heater power 
setting an no significant changes occurred in any of the tempeiatures recorded in 
the specimens. Thus the thermal performance of hi^ quality foam is independent 
of the absolute pressure level between these limits when the pressure is changed 
slowly. Consequently pressure change controls were eliminated. The revised test 
plan is presented in Appendix B. 
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Figure 6-14. PPO Foam Thermal Conductivity in LHg, Horizontal Orientation - Cells Vertical 
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PRESSURE, kN/m^ (psla) 

Figure 6-15. ppo Foam Thermal Conductivity in LHq, Horizontal Orientation - Cells Vertical 
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PANEL NO. PANEL THICK. TEST THICK SYMBOL 
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PRESSURE, kN/m^ (psia) 

Figure 6-17. PPO Foam Thermal Conductivity in LHg, Vertical Orientation - Cells Horizontal 



o 

Figure 6-18 and 6-19 show the thermal performance data taken at 107 kN/m (15. 5 
psia) for the horizontal (cells-vertical) and vertical (cells- horizontal) specimen 
orientations, respectively. Here the thermal conductivity ratio is plotted as a 
function of the mean foam temperature. Data for panels 71-19, 21, 23, and 24 are 
included for comparison. Specimen 71-35 exhibits the worst thermal performance 
of the eight in both the horizontal and vertical orientations. The second poortist 
performer in the vertical orientation, specimen 71-30, is the best performer of 
the eight in the horizontal orientation. In general specimens 71-31 and 33 exhibit 
conductivity ratios similar to those of specimens 71-19 through 24. 

Based on integrating the conductivity ratio curves, a thermal performance ranking 
was made. These results are listed in Table 6-2. The specimens are ranked 
based on both the horizontal and vertical orientations, and on a composite of both 
sets of data. The integrated average thermal conductivity ratios for the panels 
are calculated between 56 and 183K (100 and 330 R) and ratioed to the lowest value 
of the e’ght to indicate the degree of variation between the panels. The composite 
ratios indicate that the overall performance of the first four panels are essentially 
identical and that there is not a significant performance difference between the top 
six panels. Only panels 71-30 and -35 are clearly inferior. 

All eight specimens were subjected to pressure transients to evaluate the effect 
on temperature distributions within the specimen and on thermal performance. The 
results for specimen 71-33 are shown in Figure 6-20. The gaps in the three 
temperature curves Indicate a period of time when the data acquisition was programmed 
to continually record only pressure. During the pressure transient the maximum 
rise rate was 25 kN/m^ per sec (3.6 psi per sec) and the average value was 17 kN/m^ 
per sec (2.4 psi per sec). The pressure transient caused immediate depressions in 
the tempei^tures in the foam followed by partial recovery in the two thermocouples 

Table 6-2. Thermal Performance Ranking, Formulation 
Screening Specimens 


%)eclmen 

Horizontal 

Vertical 

Composite 


Rank* 

Ratio 

Rank 

Ratio 

Rank 

Ratio 

71-21 

2 

1.030 

2 

1.001 

1 

1.000 

71-24 

4 

1.049 

1 

1.000 

2 

1.009 

71-23 

3 

1.046 

4 

1.015 

3 

1.015 

71-19 

7 

1.092 

3 

1.014 

4 

1.036 

71-31 

5 

1.058 

5 

1.088 

5 

1.058 

71-33 

6 

1.077 

6 

1.097 

6 

1.072 

71-30 

1 

1.000 

7 

1.546 

7 

1.264 

71-35 

8 

1.261 

8 

2. 287 

8 

1.766 


*In order of Increasing thermal conductivity 
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Figure 6-18. Thermal Conductivity in the Hori..ontal 
Orientation - Cells Vertical 
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Figure 6-20. EK®ct ol Pressure Rise on Temperature Profile (Specimen 71-33) 



nearest the eold face. After fifty minutes at the elevated pressure tiie teinperaturej; 
had d ed farther and the e was no indication that the temperatures would recover 
compleicly. Similar data for specimen 71-li4 is shown in Figure 0-21. lu re the 
average pressure rise :ate was 40.0 kN/m^ per sec (5.8 psi per sec) and the 
temperatures recovered to within tlK (20R) of the initial values in approximately 
8 minutes. Theoretically, for high quality material, the temperaturey should 
eventaully recover completely. 

6.2 CONFIGURATION SCREENING 

Ten thermal conductivity tests were performed during the PPO foam configuration 
screening program. The panel lumbers, the original (mamfacturec!) and test 
thicknesses, and the test specimen densities are listed in Figures 0 22 arxl 2 ;’. 

The dashed lines in these two figures represent the spread of the data for the better 
formulation screening specimen, described above. Thicknesses T-ange<’ from 7. 1 
to 70.0 mm (0.28 to 2.76 in.) and densities from 28.0 to 62.5 kg/m^ (1 • 5 to 3.90 
IbA't^). The first six specimens listed are all nominally 25.4 mm(l. 0 in. ) thick. 

The first three were cut trom 30 mm (1. 18 in. ) panels. The purpose of these tests 
was ' 1 determine whether or no significant differences m thermal performance 
existed between sheets cut from the surface of thicker panels and sheets cu* from 
the center of thinner panelo. Comparing specimens of similar density, in eveiy cast 
specimens cut from the surface of a 75 mm (3 in.) panel exhibited superior thermal 
performance. This is consistent with the observation that the cell structur e uear 
the surface of a thick panel is more uniform and of higher quality than that in the 
center of a thin panel. 

Two panels thicker than 24.5 mm (1.0 m) were test.sd, a 46.0 mm {l.G in' and a 
70. 0 mm (2.76 In) panel. The 46. 0 mm (1. 8 in) panel exhibited a performance 
similar to that of the better 25.4 mm (10 In; panels. The 70.0 mm (2.7C in) panel a 
also performed as wdl except at the lowest hot wall temperature, 89K (160R) (mean 
tempt-rature 56K (lOOR). At this lowest temperaturrs, the LH 2 -GH 2 literface 
moved into the foam cells, as Indicated by thermocouples in the foam, reducing 
the gas layer thickness. Since the effective conductivity of the PPO foam is based 
upon the total foam thickness, the effective conductivity increases. To efficiently 
utilize the 70 mm pan the hot wall temperature would have to be increased to 
about 200K (360R) to maintain the LF ~GH 2 interface at the foam surface. 

Comparing the pezformanct* of the 14. 5 mm (0. 57 in) nnd 7. 1 nun (0. 28 in) thick 
panels with the 25.4 mm (1.0 in) panels, ae the pand thickness is reduced, the 
thermal performance worsens. The 14. 5 mm (0. 5? in) specimen has a very poor 
performance and the 7. 1 nua (9.28 cm) specimen parfvruiod so poorly that it was n>t 
possible for the heeter to hr Uig the hot face temperature above 278K (SOOR). The 
minlnmm effective thickness for this open-cell Insulation is between 25.4 mm (1. 0 in) 
and 14. 5 mm (0. 57 in). 
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Figure 6-21. Effect of Pressure Rise on Temperature Profile (Specimen 71-24) 



PANEL THICKNESS DENSITY 

NUMBER ORIGINAL TEST 

mm in mm in kg/m^ Ib/ft 

72-74 75 2.95 24.6 0.97 62.5 3.90 
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MEAN TEMPERATURE - K(R) 

Figure 6-22. Thermal Conductivity in Liquid Hydrogen, 
Hori2M>ntal Orientation - Cells Vertical 
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56 111 167 222 

(100) (200) (300) (400) 

MEAN TEMPERATURE - K(R) 

Figure 6-23. Thermal Conductivity in Lit v id Hydrogen, 

Vertical Orientation - Cellf Horizontal 



The six 25.4 mm (1,0 in) panels have been ranked based on average thermal conductivity 
ratios calculated by integration between the mean specimen temperatures of 56 and 188.’v 
(100 and 338R). The results are shown in Table 6-3. The three specimens cut 

Table 6-3. Thermal Performance Ranking, 

Configuration Screening Specimens 


Specimen 

Horizontal 

Vertical 

Composite 


Rank* 

Ratio 

Rank 

Ratio 

Rank 

Ratio 

72-41L 

1 

1.000 

1 

1.000 

1 

1.000 

72-74L 

2 

1.047 

2 

1.028 

2 

1.038 

72-lL 

4 

1.078 

3 

1.094 

3 

1.086 

72-56 

5 

1.095 

4 

1.098 

4 

1.097 

72-64 

3 

1.075 

5 

1.134 

5 

1.104 

72-17 

6 

1.566 

6 

1.854 

6 

1.710 


*In order of increasing thermal conductivity 

from the edges of 75 mm (2.95 in.) panels rank highest. This again suf^rts the 
contention that higher quality material is found at the surface of thicker panels. Another 
fact to be noted from the data is that within each of the two sets (41L, 74L, IL and 56, 

64, 17) the middle density specimen ranks at the top followed in "^der by the higher 
and lower density specimens. 

The effect of a rapid increase in tank pressure on the thermal performance of the 
foam has been investigated. Figure 6-24 illustrates the effect on the temperature 
profile through the foam specimen. The pressure spike causes an immediate de- 
pression in the temperatures, the effect being more pronounced as the distance from 
the hot face increases. The fast pressure rise causes the liquid/vapor interface to 
move into the foam equalizing the pressures and cooling the surrounding material. 

Liquid then vaporizes increasing the mass of gas in the cell and the interface 
to move back to its more stable position at the surface of the foam. The 
temperatures then recover almost to the initial value. Table 6-4 shows the average 
pressure rise rates imposed on the eight specimens, the resulting increase in the 
conductivity ratio twenty minutes after completion of the pressure rise, and the 
degree of recovery of the hot face temperature (T 2 ) after twenty minutes time. Once 
again the three specimens representing the edge material of thick foam panels exhibit 
superior performance. The 70.0 mm (2.76 in) panel, specimen 72-6, showed evidenoe 
of severe LH 2 intrusion and little tcinperature recovery even though the pressure rise was 
quite slow. This may be due to the low quality of the 70. 0 mm (2.76 in) foam which 
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Figure 6-24. Effect of Pressure Rise on Temperature Profile (72-30), 


had a porous low density center layer. When the liquid-gas interface reaches the 
center region, the interface becomes unstable, allowing excessive liquid intrusion. 



Table 6-4. 

Effect 

of Pressure Rise 


^ecimen 

Avg. Pressure 

Conductivity 

Hot Face Temperature 


Rise Rate^^) 

Increase(^) 

Recovery^ 


kN/mVsec (psi/sec) 

% 

% 

72-74L 

17 

(2.4) 

0 

100 

72-41L 

20 

(2.9) 

0 

100 

72- IL 

17 

(2.5) 

0 

100 

72-64 

21 

(3.0) 

7 

94 

72-56 

25 

(3.6) 

8 

93 

72-17 

26 

(3.7) 

64 

66 

72-30 

22 

(3.2) 

15 

89 

72-32L 

19 

(2.7) 

2 

99 

72-34L 

8.3 

(1.2) 

15 

71 

72-6 

1.2 

(0.17) 

62 

67 

(1) Between 107 and 276 

§ 

to 

(15. 5 and 40 psia). 



(2) Twenty minutes after completion of pressure rise. 


6. 3 FINAL PRODUCTION TEST 

Nine Class II panels 50 mm (1. 98 in) thick and one acceptance test panel, where the 
density gradients were measured, were received from the vendor in April 1975. 

The panels were x-rayed and paper removed to Class I configuration. They were 
also inspected visually and on a light table. The best of these panels, 75-10, was 
selected for a thermal conductivity test. The final test data is shown in Figure 6-25. 
Both the vertical and horizontal orientation were tested. The lines plotted on the 
graph. Figure 6-25, represent the lowest thermal conductivity data from all previous 
tests. These final panels represent a significant Improvement in the thermal con- 
ductivity of PPO foam in LH . This is attributed primarily to the improved uniformity 
of the foam wherein the density gradient parallel to the fibers has been kept within 
the specified value, ± 10%. This tends to minimize cell size in the middle of the 
foam thus reduce the effects of gas convection. 



Cells Horizontal, Test Data, June 1975 
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Figure 6-25. Final Production Thermal Conductivity Test Results 



SECTION 7 


GEOMETRIC PROPERTIES 


7.1 PERMEABILITY 

One of the parameters which is useful in the evaluation of the internal structural char - 
acteristics of PPO foam is the material permeability. Permeability measurements 
can be used together with mechanical strength and thermal conductivity data to 
screen different foam configurations and predict structural and thermal performance 
in an actual tank usage situation. Theoretically a good open cell insulation material 
should have a high permeability in the direction parallel to the cell orientation and a 
low permeability laterally. A low lateral permeability curtails convection currents 
in the tank sidewall Insulation while a high parallel permeability reduces the chance 
of insulation failure due to pressure changes in the cells. Permeability test data 
was correlated with thermal performance of specimens from the same foam panel. 


7. 1. 1 TEST APPARATUS. The techniques used to evaluate permeability is the 
measurement of the internal resistance of the material to gas flow, determined by re- 
cording pressure drop through the material as a function of gas flow rate, both paral- 
lel (longitudinal) and perpendicular (lateral) to the cell orientation. Detailed analysis 
of this data for different foam configurations can lead to conclusions about the rela- 
tive bulk densities, the comparative number of blocked cells, the extent of cell inter- 
connections, and the relative mean cell diameters. Tf this information can be cor- 
related with thermal and mechanical strength data, the material configuration can be 
adequately characterized with respect to its adaptability to specific use situations, 
and the effects of variations in the internal structure on material strength and therm- 
al performance can be predicted. 

The apparatus for testing PPO foam specimens in the perpendicular direction is illus- 
trated in Figure 7-1. This apparatus consists of three aluminum plates with very soft 
rubber bonded to one side. The 88. 9 mm (3. 50 in. ) by 44. 5 mm (1. 75 in. ) foam speci- 
men is bonded, with silicone rubber, between Plexiglas plates, Flgui’e 7-2, and is then 
clamped between the top and bottom plates of the test apparatus. Then the end plate, 
with fittings for the manometer and inlet, is mounted. 

Two apparatus were used to test PPO foam specimens in the parallel dlrectiim. The 
first, illustrated in Figure 7-3, utluzed 14. 1 cm (5.55 In. ) diameter foam discs as 
specimens. The cylindrical test beaker was fabricated from 6. 35 mm (0. 25 in. ) thick 
Plexiglas plate. Very soft (15-30 Durometer) silicone rubber seals are used to pre- 
vent leakage around the test specimen. The test specimen is held in place with a 
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Figure 7-1. Perpendicular Gas Flow Resistance Apparatus 





Figure 7-2. Sp6olin®n8 Prepared for Perpendicular Gas Flow Resistance Test 
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Figure 7-3 . Cylindrical Beaker Parallel Gas Flow 
Resistance Apparatus 


section of tubing weighted down with about 9 kg (20 lb) of lead. A taper at the top of 
the beaker is required to allow the specimen to be placed in the beaker with ease since 
PPO foam ^ecimens are about 1. 27 mm (0. 050 in. ) oversize. To remove a speci- 
men, the plug at the bottom of the beaker is removed and the plate in the bottom of the 
beaker is forced against the specimen with a rod. 

The second parallel flow apparatus, illustrated In Figure 7-4 , was designed to allow 
both parallel and perp(>rdicular flow tests on the same piece of foam. After testing 
in the perpendicular flow apparatus. Figure 7-2, the Plexiglas side plates are trim- 
med even with the foam blodc and then the remaining pieces of the side plates are 
bonded, with silicone rubber, to the 88. 9 mm (3. 50 in. ) faces ot the foam block, see 
Figure 7-5. The test specimen is then placed on top of the test apparatus and is com- 
pressed, by lead weights, against a soft rubber seal botK^sd to the top rim of the 
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Figure 7-4. Square Beaker Parallel Gas I low Resistance ^paratus 


rectangular beaker. Thus, a positive seal is established between the beaker and the 
Plexiglas frame around the foam, avoiding any crushing of the foam specimen. 

A schematic of the gas flow resistance cest setup is shown in Figure 7-6. The bleed 
valve allows the gas supply regulator valve to qperate stably at a hi£^ flow rate, while 
the flow to the test apparatus is quite low. The multiple tube flowmeter and the water 
and mercury manometers allow measurements to be taken over a very wide range of 
flow rates and pressures. Manometer readings were sighted with a cathetometer. 

A photograph of the test setup is shown in Figure 7-7. 

Parallel gas flow tests have been performed on eig^ of the 71- panels using the cylin- 
drical test beaker and two specimens for each panel. The test results are shown in 
Figure 7-8. The large variance in the gas flow resistance of the specimens is indica- 
tive of large differences in the internal structure of the ^rlous panels. An indication 
of the dispersion within a panel is provided by Figure 7-9 where the test results for 
both qpeoimens of panels 71-23, -30 and -33 are plotted. 

A new parallel flow apparatus was devised for testing speoimms from flie 72- pand 
master order using the square beaker appr«r<itu8. Figure 7-1. Both parallel and per- 
pendioular flow tests can be performed on tl<' same foam q>eclmen giving more 
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Figure 7-7. Gas Flow Resistance Test Setup 

consistence data. Also, two test specimens from each panel were taken from adja- 
cent locations in order to minimize variation between specimens. The results of the 
gas flow resistance tests on the 72- panels are presented in Table 7-1. 

All of the panels in Table 7-1 exhibit a low flow resistance in the direction parallel 
to the foam cells. In the perpendicular direction, the panels with a uniform appear- 
ance, panels 72-1, 34, 41 and 74, have a high flow resistance. Panel 72-60 has a 
severely curved cell structure and panels 72-18 and 55 ha"e a low density center lay- 
er. The 2. 54 cm (1. 0 in. ) panels cut from the surface of u . . 62 cm (.3. 0 in. ) panel, 
such as panels 72-1, 41 and 74, have a more uniform appearance a a i better flow re- 
sistance than panels formed to their full thickness, such as panels *'2- Id, 55 and 60. 
Panel 72-34 was cut from the edge of a 7. 62 cm (3. 0 in. ) panel, but it is only 0. 76 
cm (0.30 in. ) thick. A comparison of the gas flow resistance data with the bulk den- 
sity variations reveale no discernible correlation. Althou^ no relation between 
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Table 7-1. Gas Flow Resistance 


GN Gas Flow Resistance kN sec/m 

(p3i/in)/(ft^/min-ft2) 

Thickness 


Panel 

Perpendicular 

Parallel 

Ratio 

cm (in.) 

72-41 

3911 

(0.0732) 

1026 

(0.0192) 

3.8 

2.54 

(1.0) 

72-74 

6304 

(0.118) 

581 

(0.0109) 

10.8 

2.54 

(1.0) 

72-1 

4381 

(0.0820) 

1159 

(0.0217) 

3.8 

2.54 

(1.0) 

72-lH 

1143 

(0.0214) 

310 

(0.00580) 

36.9 

2.54 

(1.0) 

72-55 

930 

(0.0174) 

104 

(0.00195) 

8.9 

2.54 

(1.0) 

72-60 

3489 

(0.0653) 

641 

(0.0120) 

5.4 

2.54 

(1.0) 

72-32 

818 

(0.0153) 

153 

(0. 00286) 

5.4 

1.50 

(0. 59) 

72-29 

5744 

(0. 108) 

784 

(0.0147) 

7.3 

4.60 

(1.81) 

72-3 

4291 

(0. 0803) 

1490 

(0. 0279) 

2.9 

7.16 

(2. 82) 

72-34 

449900 

(8.42) 

212 

(0. 00397) 

2120 

0.76 

(0. 30) 


thermal conductivity and parallel flow resistance could be found, panels with a hi^ 
perpendicular flow resistance generally have a better thermal performance (see 
Section 7. 2). 

Figure 7-10 illustrates the variation of gas flow resistance within a panel. Panels 
were sliced into sheets and then tested for permeability perpendicular to the foam 
cells. From Figure 7-10, it is seen that the middle layer in a panel accounts for the 
low perpendicular gas flow resistance of the foam. This correlated exactly with the 
density variations in a panel (see Section 4.2) where the middle layer of a par el is 
less dense than the outer surface layers. 

7.2 FLUID-THERMAL CORRELATION 

Results of the thermal conductivity tests have been compared with the results of the 
density gradient Investigation, X-ray inspection and pressure drop tests to determine 
if any of these techniques could be employed to screen Incoming panels before using 
them in an insulation system. Pressure drop tests and density gradient measurements 
are destructive test techniques while X-ray inspection is non-destiuctive. 


Ten panels of the 72- panel master order were tested for thermal conductivity. Six ci the 
ten were 25. 4 mm (1.00 In) thick and can be compared among thems^ves. The other 
four panels tested ranged in thickness from 7.6 mm (0.30 in) to 71.6 mm (2.82 in). The 
first three panels listed in Table 7-2 were cut from the surface of 75 . im (2. 95 in) panels 
while the last three were originally formed as 25. 4 mm (1. 0 in) panels. The thermal 
performance ranking of the six 25.4 mm (1.00 in) panels is given In Table 7-2. 
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Table 7-2. Thermal Performance Ranking, Composite (Vertical and 
Horizontal Orientations) Conductivity 

Relative Conductivity 


Panel 

Rank 

Ratio 

72-41 

1 

1.000 

72-74 

2 

1.038 

72-1 

3 

1. 086 

72-56 

4 

1.097 

72-64 

5 

1. 104 

72-17 

6 

1.710 


The X-ray inspection of t.ie pan^'ls is most convenient in that it is non-destructive and 
can be performed as the panels are received before any machining is started. Section- 
ing panels after X-raying revealed that sometimes large voids are not evident in the 
X-rays. Also, undesirable cell curvature and low density center layers are not detect- 
able by X-ray, Comparing X-rays of the panels in Table 7-2, the three highest ranked 
panels had a very uniform appearance. But, the sixth ranked panel also appeared quite 
uniform. Thus, if tne X-ray reveals a defect, then the panel will likely have a poor 
thermal performance, but a panel with a uniform appearing X-ray might also have de- 
fects and a poor thermal performance. 

Calculation of density variations throughout each panel and comparison with thermal 
performance reveals that panels with a more uniform density have a better thermal 
performance. Althou^ there is no large difference in the uniformity of the three best 
thermal performance panels. Panel 72-41 had slightly smaller density variations than 
Panels 72-74 and 72-1, which were about equal in uniformity. Panels formed to their 
final thickness, such as Panels 72-56, -64 and -17 (the three poorest thermal perform- 
ance panels), have significantly greater density variations than panels cut from the 
surface of a thick panel (Panels 72-41, -74 and -1). Thus, thermal performance is 
moderately sensitive to the degree of density variation. 

Resistance to gas flow both perpendicular and parallel to the foam cells was measured . 
Ideally, the flow resistance should be Infinite perpendicular to the cells (to prevent 
lateral convection) and near zero parallel to the cells. The results of the gas flow 
tests are listed In Table 7-3. Panels 72-18, -55 and -60 are similar to Panels 72-17, 
-56, and -64 (Table 7-2) in that they were originally formed as 25. 4 mm (1. 0 in. ) 
panels. As seen from Table 7-3, the higher thermal performance panels have a higher 
gas flow resistance perpendicular to the cells. The low gas flow resistance in both 
directions of Panels 72-18, -55 and -60 is due to the low density center section of 
panels formed to their full final thickness. Such full thickness panels typically have 
a poor thermal performance, probably due to lateral convection through the porous 
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Table 7-3. Gas Flow Resistance 

GN 2 Gas Flow Resistance kN sec/m^ 
(psi/in) (ft^/min-ft^l 


Panel 

Perpendicular 

Parallel 

Ratio 

72-41 

3911 

(0.0732) 

1026 

(0. 0192) 

3.8 

72-74 

6304 

(0. 118) 

581 

(0. 0109) 

10.8 

72-1 

4381 

(0. 0820) 

1159 

(0.0217) 

3.8 

72-18 

1143 

(0. 0214) 

310 

(0. 00580) 

36.9 

72-55 

930 

(0. 0174) 

104 

(0. 00195) 

8.9 

72-60 

3489 

(0. 0653) 

641 

(0. 0120) 

5.4 


midsection. Thus, high resistance to gas flow perpendicular to the foam cells is 
more important than low resistance parallel to the cdls for good thermal perform- 
ance. 

Of the three techniques for predicting foam panel thermal performance, sectioning a 
panel for inspection and density gradient analysis is the best. A density gradient 
analysis will define porous regions, the same result obtained with the more difficult 
and time consuming gas flow resistance tests, and reveal defects not seen in X-rays. 
The X-ray technique is good in that it can be performed on all panels, but it has not 
been developed to the point where it can be relied upon to detect all panel defects. 
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SECTION 8 

FOAM SURFACE RIGIDIZATION 


Rlgidlzing the suiface of a PPO foam internal insulation system exposed to liquid 
hydrogen reduces the potential for mechanical damage during ground and flight oper- 
ations and reduces the amount of "debris, " the partially broken cell wall fragments . 
attached at the surface of the foam, which may detach from the foam. The debris, 
which results from the cutting of PPO foam, is not due to any brittleness or lack of 
toughness inherent in the PPO polymer itself, but to the extreme thinness of the cell 
waUs and the cutting techniques used. Elimination of the debris by hardening the 
foam surface must be achieved without sealing the open cells thus negating the 
advantages of the open-cell structure. The foam surface is hardened by thickening 
or strengthing the cell walls by either surface Impregnation with additional 
polymer or by controlled surface shrinkage. Both of these methods have been 
investigated. 

8.1 SURFACE IMPREGNATION 

When an organic foam is exposed to a solvent, partial dissolution of the foam occurs. 
Due to surface tension, dissolution is accompanied by shrinkage and thickening of the 
cell edges. It is necessary to control this dissolution so closely that only the immedi- 
ate surface of the foam is affected and to the exact extent required. The ends of the 
surface cell walls, which are on the order of 3 pm thick, must be significantly 
thickened without sealing off or otherwise compromising the essential, open-cell 
PPO foam structure . 

Initially the effects of the following three solvents were investigated: carbon tetra- 
chloride, chloroform, and methylene chloride, alone and in combination with a non- 
solvent, acetone. When any of these solvents was swabbed on the PPO foam surface, 
complete dissolution occurred. Similar results were obtained with solvent/non-solvcnt 
nixtures down to 10% solvent concentrations. At solvent concentrations of 10% or less 
(i.e. >90% by volume of acetone), the foam was completely unaffected. In an attempt 
to more precisely control this dissolution process, various amounts of two different 
mixed solvents (consisting of 10% chloroform/90% hexane and 10% chloroform/90% 
methyl alcohol) were sprayed on the PPO foam surface via a glass atomizer. Micro- 
scopic examination disclosed that the chloroform/hexane mixed solvent weakened the 
PPO surface and increased the amount of "debris." By contiast, the chloroform/ 
methyl alcohol mixed solvent decreased the amount of "debris" although the cell walls 
were not measurably thickened or the surface strengthened. Efforts to obtain further 
strengthening by increasing the chloroform content resulted in catastrophic dissolution 
of the foam. 
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Since it was extremely difficult to attain a satisfactory compromise between destructive 
dissolution on one hand and complete non-solvency on the other with the binary mixed 
solvents, an attempt was made to reduce the "chemical activity" of the system by dis- 
solving varying amounts of PPO foam in the more promising mixed solvents. The 
presence of dissolved PPO resin, however, did not appear to significantly affect the 
solvent behavior of the mixed solvent. Subsequently, it was decided to investigate the 
interaction of PPO foam with pure benzene containing varying amounts of dissolved 
PPO resin. These experiments disclosed that any benzene solution, saturated or even 
supersaturated with respect to PPO resin, will attack and dissolve the PPO foam, even 
if the benzene solution must precipitate out a portion of the PPO resin which it already 
holds in a dissolved state. This is a direct consequence of the thermodynamic insta- 
bility of a plastic foam ‘dative to the bulk polymer. Due to its cellular nature, the 
foam is a higher free energy system. 

Undoubtedly the PPO cell edges could be strenthened by depositing a different resin 
from a solution which is a non- solvent for the PPO foam. However, due to the large 
number of cryogenic cycles required of a Space Shuttle component, it seems unwise to 
attempt to strengthen the foam by coating it with an inherently incompatible polymer 
which might subsequently flake or peel off. 

8.2 RADIANT HEATING 

In contrast to the resin impregnation investigation described above, heat hardening of 
PPO foam was almost immediately successful. The initial experiments were performed 
using a 12. 7 X 17.8 cm (5 X 7 in.) laboratory infrared heater containing five 500 watt. 
General Electric T3 quartz lamps. These preliminary experiments confirmed past 
experience that the best results were obtained at high radiant fluxes for short time 
periods. Accordingly, two additional lamps were added to the heater, bringing it to 
its maximum capacity. Since each lamp has an effective radiating length of 12. 7 cm 
(5 in.), the radiant heat flux density is 217 kW/m^ (140 W/in^. PPO foam specimens, 
7.6 X 10.1 X 1.8 cm (3 x 4 x 0.7 in.), were centered at various distances below the 
quartz lamps and irradiated for various lengths of time. After cooling to room 
tenq)erature, the thickness of the specimen was measured at five positions across the 
surface, the hardness was checked qualitatively by scraping with a fingernail, and 
finally the specimen examined at from lOX to SOX magnification by both transmitted 
and incident illumination under a stereomicroscope. 

The results obtained with an early specimen were informative. The specimen was 
placed at an 0.35 rad (20*) slant under the infrared heater operating at full power 
(110 V.) for 5 seconds. Since one end of the foam was closer to the heater, a heat 
gradient was applied to the specimen. As shown in Flgpir^ 8-1, the sample was badly 
waiped. In general, the edges do not shrink and, therefore, the remaining 90% of 
the surface is "dished" with the low point toward tlu center. Most specimens placed 
horizontally (i.e. parallel to the heater lamps) show this general type shrinkage. 
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In the Wanted orientation, the upper, hotter end of the specimen sagged. More- 
over, this upper end was burned black while the lowest, coolest portion was 
virtually unchanged. The upper 50% of 
the surface was definitely hardened. 

Microscopic examination disclosed that 
the lower half still had the usual debris, 
but starting with the brown portion of 
the surface approximately half-way up, 
the debris had been melted back into the 
cell walls. This melted debris plus the 
10% shrinkage had thickened the upper 
cell walls approximately six-fold with- 
out closing off the 0. 01 to 0. 03 in. di- 
ameter cells. Stereoscopic examination 
with transmitted light verified that the 
lower portions of the foam cells were 
unaffected by this infrared heating. In 
general, the open PPO foam cell 
structure was not significantly compro- 
mized until the 50% volume shrinkage- 
point was reached. Even the black pyrolized areas still retained a high pro{X)rtion of 
open cells. 

Radiant heating produced surface hardening and melted surface debris without closing 
the PPO foam cells. Radiant heating also tended to produce an Irregular surface. 

The heat hardening process Is time and distance dependent, therefore a series of 
experiments were performed to minimize surface irregularities and select the proper 
time and distance. Results of these experiments are summarized In Table 8-1. 

These results were checked In four Instances and found to be reproducible. The most 
uniformly hardened surfaces were obtained in experiments 14 and 15 In Milch the 
specimens were exposed to the hill 217 kW/m^ (140 W/ln^) Illumination for 4 seconds 
at a distance of 1. 9 cm (0. 75 In). Unfortunately, In runs 14 and 15, as In all other 
experiments, the heat-hardened specimens exhibited characteristic ridges around the 
entire upper edges plus a concave center section. Since specimens ranging In size 
from 2. 5 ^ to 7.6 X 10. 2 cm (1 x 1 to 3 x 4 in. ) show this same rldge/concave center 
whether run In the small laboratory Infrared heater or In a 0. 91 x 1.22 m (3 x 4 ft) 
factory heater. It appears to be an edge effect associated with the radiation absorption/ 
reradlatlon balance of the PPO foam specimen Itself. Neither the perlidieTal rim 
or the concavity of the center Is affected by the reflectivity of the base upon Milch 
the radiant heating Is performed. However, by wrapping a foil guard-barrier 

3.8 cm (1.5 In.) hl^ around the edge of the specimen, the peripheral rim was 
sharply dlmlsbed and the ceitral concavity eltmlnated. The cross section ci a typical 

1.8 cm (0. 7 In. ) thick PPO foam specimen (#23) hardened by Irradiation for 4 seconds 
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Figure 8-1. Results of Slanted 
Specimen Test 
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Table 8-1. Effect of Tlme/Pistancc on the Infrared Heating of PPO Foam 


1 ttuic o x* 

Conditions: 

12.7 X 17.8 cm (5x7 

2 

in.) l.R. Heater Operating at 110 V; 217 k\V/m^ (140 W/in ) 

Diswnce 

Specimen From Lamp 
No. cm (in.) 

Irradiation 

Time 

sec 

Results 

2 

6.4 (2.5) 

5 

No shrinkage. No detectable hardening. Debris 
only partially removed. 

3 and 8 

6.4 (2.5) 

10 

Uneven shrinkage to 5. 1 mm (0. 2 in. ). Surface 
hardened. Debris eliminated. 

4 

3.2 (1-25) 

5 

No shrinkage. No hardening. Debris unchanged. 

5 and 13 

1.9 (0.75) 

5 

Uneven shrinkage 1.8 to 3.6 mm (0.07 to 0.14 in.). 
Surface hardened. Dti>ris eliminated. 

9 

2.5 (1.0) 

2 

No shrinkage. No hardening. Debris unchanged. 

10 

2.5 (1.0) 

4 

No shrinkage and no hardening. Debris removed. 

11 and 12 

2.5 (1.0) 

5 

4. 1 mm (0. 16 in. ) shrinkage, max. (at center). 
Debris removed , surface hardened. 

14 and 15 

1.9 (0.75) 

4 

2.3 ram (0.09 in.) shrinkage, max. Debris 
removed, surface hardened. 


at 217 kW/m^ flux anri a lamp-to-speclmen distance of 1. 9 cm, varied from 1. 70 to 
1.71cm (0.670 to 0.675 in.) at the edges to 1.60 to 1.63 cm (0.630 to 0.640 in. ) In 
the center. The effect of guard-barrier height on surface uniformity was not q^alltl- 
tatlvely determined. However, from the factory scale-up discussed below, the 
optimum height would appear to be betv/een 6. 1 and 7.8 cm (2 and 3 in.). 

All of the preceding experiments were performed with the infrared heater operating 
at full voltage. As already stated, this amounts to a radiant heat flux of 2\1 
kW/m2. Since most commercial Infrared heaters have a maximum output of 
approximately 115 kW/m^, tooling and operating costs for rlgldizlng full size panels 
could be minimized if uniform hcat-hardenlng could be accomplished with lower 
power outputs over longer exposure times. The effect of using lower Infrared 
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nidiution fluxes and longer exposure times on the standard hJjoratory-size PIX) foam 
specimens is summarized in Table 8-2. Here it was apparent that the 4 sec 217 kW/m“ 
(140 VV/in^) heating cycle still produced the most uniformly hardened foam. Fairly 
uniform, hardened foam, however, could be obtained by running the infrared heaters 
at 55 volts rather than 110 volts. With a calculated flux of 56 kW/m^ (.‘56 W/in^) it appears 
that an exposure time of about 11 or 12 seconds would be optimum. The lowest flux, 
however, was definitely insufficient to uniformly harden the Pl'O foam. Judging from the 
riisults, it is probable that any infrared heater with a power outixit greater than 25 kW/rn^ 
(16 W/in^) could be used to heat-harden PIH) foam. 

In view of these promising laboratory results, the thermal hardening process was 
applied to full-size PPO foam panels, 63.5 x 73.7 cm (25 .■ 29in. ). A large, 

290 V/45A industrial infrared heater wasused. This heater consisted of an assembly 
of 25.4 and 40.6 cm (10 .and 16 in. ) quartz lamps arranged 1 . 3 to 4.4 cm (0. 5 to 1.75 
in.) apart, contained in a 1. 1 x 0.9 m (42 x 37 in. ) frame. This heater was mounted, 
somewhat off-center, over a female die 61 cm (2 ft) in diameter. This female die was 
used as a convenient base on which the PPO foam panels rested during the Irradiation. 
Three foam panels were heat hardened at the maximum power setting. In all cases, 

7.6 cm wide 76 um thick (3 in. wide x 3 mil thick) stainless steel foil was used as 
a guard-baxorier around the edge of each panel. Results for the three panels are sum- 
marized in Table 8-3, arranged in the order in which they were run. Figure 8-2 
shows the last panel after surface hardening and Figure 8-3 shows a cross-section 
through the cage of this panel. Since only one of four ohmmeters was working correc Jy 
(registering 290V at 45 amps. ), the power output could unfortunately not be calculated. 

The irradiation times of 12-15 seconds were selected on the basis of the behavior 
small 17.8 x 5 . i x 2.5 cm (7 x 2 x 1 in.) blocks of PPO foam in three preliminary 
runs. It seems probable that Irradiation times of 16-20 seconds would have produced 
a higher degree of hardening without loss of surface uniformity. If nonrunlformltles 
do arise, it Is believed they can be suppressed by rotating the PPO foam panel during 
irradiation. If this Is Inconvenient, merdy running the Irradiation in two equal stages 
and rotating the foam panel 90* between the stages should Improve the surface hardness 
uniformity. Based on these pilot experiments, heat hardening PPO foam panels appear 
to have merit as a method for providing surface protection. 

8.3 QUANTITATIVE EVALUATION OF HEAT HARDENED PPO FOAM 

Since large changes In surface hardness and debris were required. It was most 
convement to monitor the progress In hardening by simple qualitative tests, such as 
scratching with a fingernail and microscopic examination. However, once an ^active, 
economical procedure for rlgldlzing the foam was developed. It was iqxproprlate to 
develop a more preclce quantitative measure of the Inqxrovement achieved. 

The rationale behind this investigation was that hardening the surface would make It 
less susceptible to mechanioal damage and would minimize any sloughing off of 
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Table 8-2. ElKect of TimeAoltage Variations on the Heat 
Hardening of PPO Foam 


Conditions: 

12.7 ^ 17.3 cm (5x7 in.) I.R. Hoator Containing 1.9 cm (0.75 in.) Specimen-lo- 
7500 G.E. T-3 Quartz Lamps Lamp Distance 

7. 6 X 10.1 X 1.8 cm (3 x 4x0.7 in. ) Specimen 3 . 8 cm (1 . 5 in. ) Guard-Barrier 

Height 


Experiment Applied Calculated Flux Time 


Number 

Voltage 

kW/m^ 

(W/in. 

b. Sec 

Results 

M97-22 

no 

217 

(140) 

2 

Debris diminished slightly. Ne^igible 
hardening and thickening of cell wall. No 
rim. 

M 97-20 

no 

217 

(140) 

3 

Debris removed. Minor hardening and 
thickening of cell walls. Negligible rim. 

M89-30 

no 

217 

(140) 

4 

j 

Debris removed. Surface hardened. Cell 
walls thickened. Small rim 0.76 mm 
(0.03 In.) high. 

M97-27 

55 

36 

(36) 

10 

Debris removed. Surface hardened and 
cell walls thicl...aed but less than at 4 sec/ 
217 kW/m^ above. 

M97-32 

55 

56 

(36) 

16 

Excessive beating. Surface melted and 
slumped. Up to 40% shrinkage. .Him on 
3 sides only. 

M98-14 

28 

14 

(9) 

30 

Debris dightly removed. No hardening or 
cell thickening 

M98-16 

28 

14 

(9) 

45 

Debris removed but negligible hardening 
andcdl thickening. 

M98-19 

28 

14 

(9) 

45 + 
30 

Debris removed. Some hardening and 
ceD thickening but surface concave. 

M98-3 

28 

14 

(9) 

60 

Debris removed. Surface hardened and 


ceQo thickened about the same as 10 see/ 
55 V experiment (M97*27) above. Surface 
much more uneven and highly concave. 
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Table 8-3. Surface Hardening Full-Sized Panels 


Panel Dimension 
cm {in. ) 

Heater 
To Panel 
Distance 
cm (in. ) 

Irradi- 

ation 

Time 

Results 

63.5 X73.7 xl. 8 
(25X29 XG. 7) 

21.1 

(8.3) 

12 Sec 

Fairly uniform browning; debris partially 
removed. Minor hardening and cell wall 
thickening. No peripheral ridges. 

63.5 X73.7 X2.5 
(25X29 xl.O) 

22.9’ 

(9.0) 

12 Sec 
+5 Sec 

Quite uniform. Debris removed. Some 
hardening .'>ald cell wall thickening. Xo 
peripheral ridges. 

63.5 X73.7 X2.5 
(25 X29 Xl.O) 

22.9 

(9.0) 

15 Sec 

Uniform browning. Debris removed. 
Moderately hardened surface with thick- 
ened cell walls. Edges somewhat 
melted rather than rais' d. 



Figure 8-2 . PPO Foam Panel Surface Hard«jned by Bif rared 
Heater, 63. 5 V 73. 7 cm (25x29 la.) 
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i-i^jre 8-3. Cross-section '’'!irou"'h Edj^c of Surface Hardened 
Foam Panel 

friable c.xi fragments (which might clog filters, contaminate the working fluid, etc.) 
under actual service conditions. Two different tests were used. The first was an 
abrasion test based on a standard, commercial instruiiient called the Tabor Abrader. 

This instrument contains two weighted, balanced, grinding wheels which rotate freely 
against a 10. 2 cm (4-in.) diameter specimen, which in turn is mounted on a motor 
driven turntable. The weight loss suffered by the plastic soecimen after a prede- 
termined number of rotations is taken in Federal Test Method Standard No. 406 as a 
measure of abrasion resistance. Like any other abrasion tester, the Tabor Abrader 
cannot serve as a precise tool for accurately predicting abrasion service life. This 
is particularly true in the present case where the handling conditions experienced by 
the hardened foam do not resemble in any way "dr.ag" against a grinding wheel. 

The second test is completely non-standard, but is considered to be a valid quantitative 
measure of the tendency of the foam to slough off particulate matter. In this latter test, 
standard size plugs of both virgin and hardened PPO foam were suspended in an "inert" 
fluid and subjected to ultrasonic vibration for a given time. The amount of particulate 
matter sloughed off by the various foam plugs was determined by a particle analysis of the 
suspending flula. In all these quantitative tests, virgin PPO foam specimens were compared 
with specimens ^^Ich has been heat hardened under the best known conditions, 1. e. 4 sec 
at 217 kW/m^ (140 W/in^^ 1. 9 cm (0. 75 in. ) rom lamps. The abrasion tests were 
performed at three load ranges! 250, 500, and 1.000 g. (.55, 1.1. 2.2 lb. The weight losses 
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suffered both virgin ana heat hardened PPO foam specimens are shown In Tables 8-4, 

8-5, and 8-6 for these three loads, respectively. Under the 250 g (. 551b) load both 
the virgin and heat hardened PPO foams are abraded at about the same rate. Ualer 
the two higher loads, however, the heat hardened foams consistently show lower 
abrasion rates than the virgin foam. Figure 8-4 illustrates the results of the abra- 
sion tests using the 1000 g (2.2 lb) load. It can be seen that the hardened surface resists 
the abrasion until it is removed at about 300 cycles. 

The ultrasonic evaluation for sloughing was performed with 3.3 cm (1.3 in.) diameter 
plugs cut from heat hardened and virgin foam. The walls and back surface of these 
plugs were sealed by coating tliem with a clear polyurethane paint, Desothane. Onlv 
the subject surfaces were left unsealed. The plugs were then suspended in 50 ml (3. 1 in^) 
beakers, subject surface down. Sufficient methanol was Introduced to submerge the 
subject surface, and the assembly was subjected to 4 minutes vibration in a laboratory 
"Sonoblaster" ultrasonic bath. The methanol solutions were then analyzed lor particles 
according to ASTM F3-12. Tlie results, Figure 8-5, indicate th it the number of 
particles sloughed off by the virgin specimen is 3 to 5 times greater tiian that for the 
heat harder'*- < specimen. 



Table 8-4. We^ht Loss Suffer<3d by Virgin and Heat Hardened PPO Foam Specimens on the 
Tabor Abrader 
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Table 8-6. Weight Loss Suffered by Virgin and Heat Hardened PPO Foam Specimens on the 


I 


T 


u 

a 

T3 

cd 

u 

jQ 

C 

u 

cd 

H 


o 

bo 

o 

o 

o 


I 

o 

u 


1 


al 

o 

(J> 

u 

JD 

< 

o 
o 

CO 


CQ 

0) 

l-H 

0 

1 

P 

< 

o 

o 


(D 

0) 

U 

'S 

cd 

< 

o 

m 


bC 



ER 



eR 



•c 


CM 

o> 

CD 

rH 

«o 

rH 

05 

o 

05 

d 

iH 

d 

rH 

rH 

00 

rH 

; 

00 

05 

05 

05 

05 

05 

05 

05 




I I 


t> r> 

• • 

i> i> 


o 

CO 

Tt* 

o 


I 


eR 

CO 

tH 

00 


00 t- 

CO oq 
00 00 


bfi 

tH 

<N 

l> 

00 


<N 


rt< 

CO 

00 

00 




(M O 
00 (N 

in o 

O 05 


$ 


<N 


(N 


^ ^ ^ ^ 

in o CD o 
• • • • 

r}< in m m 

Cb 05 05 O) 


SR 

rH rH 

t 05 05 
t- t> 


CO 

l> 

t- 


* m in 

00 00 


be 

i> 

^ ^ 00 
2- S S 


CSI 

00 (N t> 

in <N 00 

05 O O 
rH <N <N 


^ ^ ^ 
rj< in 00 

• * • • 

in in CO m 

05 05 05 05 


bO 

t- in 05 

05 CO 05 
<0 O Tf 
rH O rH 
• • • 
cq <M 




o 


^ iH m 
?H 05 CO 
to O CO 

O rH iH 
• « • 
M (N 


^ 

o o o o 


s 


o 

o 


csi 


3t 


^ ^ ER 

o o o o 
• • • • 

S 8 S § 


bfi 

CO rr CO 
m 05 op 
05 o ^ 
OI 

• • • 

CSI rH CM 


iH CM CO 


I 

<5 



00 

*o 

>> 

o 

0 

u 

a* 

2 

2 

d 

1 


OQ 

0) 

u 

a 

o 

c- 

rH 

s 

a* 

2 

0 

d 

1 


GO 

o 

"o 

>> 

o 

00 

CO 


1 

a- 

2 
2 
d 

I 


I I I 




8-12 


(4) Specimen tore apart at 174 cycles. 




UNTPEATED 

FOAM 



Figure 8-5. Particulate Sloughing of PPO Foam 
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SECTION 9 

PANEL JOINTS AND REPAIRS 


PPO foam is currently fabricated in panel sizes less than one meter square. The 
anticipated size of production panels probably will not exceed two meters. Thus any 
large tank will contain mmerous panel-to-panel joints as well as closeouts. Because 
of the extremely high elasticity of PPO foam in the direction perpendicular to the cells, 
unbonded compressed joints are both attractive and feasible. Prebonding the smaller 
panels into the larger sheets may be desirable to reduce final assembly costs and 
on-station time. Edge bonding during single panel installations may be desirable 
or even mandatory in hardpoint closeout areas. Whenever a repair is made by remov- 
ing and replacing a panel or portion thereof, a joint will occur. In this case the ability 
to compress and insert a repair panel is one of the most redeeming features of PPO 
foam. The repair of any bonded system necessitating adhe ive remo'/al is difficult; 
PPO foam repair is no exception. Repairs however, were made and successfully 
tested inLH . 

9.1 PANEL JOINTS 

Various methods of joining PPO foam panels have been considered. Since the avail- 
able foam panels are approximately one meter square, many pands will have to be 
jointed tc^ether to insulate an LH 2 tank. During normal operation of the tankage 
system, the inner surface of the insulation sees liquid hydrogen temperature (21K 
(37R)) while the tank surface remains relatively warm, i.e. 200K (360R) to room 
temperature. At this time, the tank structure experiences maximum strains as a 
result of pressurizing while the inner surface of the insulation undergoes thermal 
contractions of approximately one percent. To maintain a reliable joint between 
panels, either an adhesive bonded joint is required or one providing sufficient 
residual edge compression to account for the tendency to gap. 

The panel joints must not inhibit the insulation by closing off foam cells or by creating 
heat shorts to the tank skin. Due to the very large number of panel joints involved, 
the problem of heat shorts could be quite severe. The panel joints must be capable 
of withstanding the structural and thermal stresses involved in an LH2 tank and be 
structurally compatiUe with the foam (no excessive thermal stresses between the 
joint and the foam). Also, the panel joints must allow the use of practical assembly 
techniques. 

Tongue-and-groove joints and other types of lap joints would invdve closing o£f foam 
cells, especially if the joints were to be bonded. Closed cells would be subject to 
pressure cycling and eventual failure. Without bonding the joint, there would be 
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nothing to restrain the lip of a lap joint from pulling up from the surface, leaving gaps 
and voids in the joint. Bonding a lap joint would create large angular areas of adhesives 
in the foam which could result in severe thermal stress problems. Finally, since the 
only requirement of the panel joints is to provide continuity of the foam insulation, the 
strength of the joint, aside from its own structural Integrity, is unimportant, negating 
any possible structural advantage of a lap joint. 

Butt joining the PPO foam panels is very simple and is most compatible with the 
open-cell insulation system in that a butt joint does not close off the foam cells. The 
bonded butt joint is a positive joint which can be made during the original Installation 
of the foam without special tooling. Adhesive on a foam butt joint will make the final 
assembly more difficult at close out panel installation and would be difficult to use 
with a repair plug since the foam, as it is pressed into place, will tend to scrape the 
adhesive from the sidewalls and into the bottom of the joint area. The surrounding 
foam areas would have to be masked to protect them from adhesive that would be 
scraped off the edge of the panel being installed. In addition, the bonded butt joint 
results in a hardpoint discontiiuity and associated structural and thermal stresses in 
the adhesive layer and adjacent foam and presents a heat short thn>u^ the foam 
insulation. 


PPO foam panels lend themselvei. to the use of compressive butt joints. The material's 
low modulus and good ductility in the direction perpendicular to the foam cells allows 
the panels to be compressed by up to 15 percent without aqy damage and with good 
recovery characteristics under room temperature conditions. The compression butt 
joint offers an easy installation method because adhesive is required only at the face 
acQacent to the tank wall. This method also avoids any possible heat shorts and 
structural and thermal stresses in the joint. The unbonded compressive butt joint has 
been successfully employed in a PPO foam insulation system for an LH 2 tank (Ref 3). 
The Installation method was to first Install alternate foam panels. After the tank wall 
bond for these panels had cured, the remaining pands were compressed and bonded 
into their spaces. Before the bond had cured on the remaining panels, the compression 
tooling was removed allowing the panels to expand into place, compressing the 
previously Installed panel edges. A 2 percent residual edge compression was success- 
fully utilized and tested in this tank system. The contraction of PPO foam from room 
temperature to 21K (37R) is about one percent. This installation in the 1000 gallon 
tank is shown in Figure 9-1. 

9.2 PANEL REPAIRS 


The need for the capability to repair PPO foam Insulation that has been damaged 
after installation onto a tank dcln becomes apparent when one considers the large 
insulated areas subject to accidental damage during fabrication and inspection. 

Also, possible damage due to an area that becomes unbonded as a result of repeated 
flight cycles or an area that was not properly bonded during Installation might need 
repair. Any repair techniques used must meet certain general requirements. As 
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Figure 9-1. PPO Foam Installed In 1000 Gallon, 53/4 Foot 
Diameter LH^ Tank. 


PPO foam In an Internal Installation, ver>' low debris generation during repair is 
necessary in order to keep contamination of the tank to a minimum. Tools for repairing 
the insulation must be designed and used to minimize potential damage to the aluminum 
tank skin. The repair procedure must be capable of bein^ performed on an overhead 
surface since it may not be possible to orient the tank so as to have the repair surface at 
the bottom. Two techniques for removing damaged foam were developed. Each used a 
cylindrical blade to first slice the foam around the repair area. Then either a hot wire 
or a phenolic cutter was used to remove the foam within the cylindrical blade. After 
removal of the damaged foam, abrasive disks were used to clean away the adhesive 
from the aluminum surface. In order to hold down the bonded repair during cure, a 
vacuum bagging technique was used. The use of these tools and techniques is detailed 
in this section. 


9.2.1 FOAM REMOVAL. The first step In a panel repair Is to apply a sheet of ad- 
hesive back mylar to the PPO foam surface to be repaired. The mylar sheet Is 
essential to the vacuum bagging process used at the end of the panel repair procedure 
and also serves to protect the foam surfoce around the repair area. The mylar sheet 
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used in this development was 45. 7 cm (18 in) wide and 50. 8 urn (0. 002 in) thick. Then 
a cylindrical steel blade is placed around the repair area and inserted into the foam. 
The cylindrical blade, shown in Figure 9-2, is 15. 2 cm (6.00 in) in diameter aal the 
blade is 0.635 mm (0. 025 in) thick. The depth of the blade, 4. 45 cm (1. 75 in), 
is such that when fully inserted, it does not completely penetrate the 4.57 cm (1.80 in) 
thick foam, thus preventing the steel edge from contacting the aluminum tank skin 
underlying the foam. Since it is not necessary for the cylindrical cutter to penetrate 
to the tank skin, this cutter can also be used on curve Insulated surfaces. Figure 9-3 
shows the cylindrical blade inserted in a PPO foam panel with the mylar sheet applied 
to the foam surface. The mylar has been peeled away 1 1 the repair area inside the 
cylindrical blade. The cylindrical blade remains in the foam panel to protect the foam 
adjacent to the repair until a new piece of foam is bonded intc the repair area. 

The first technique used to remove the damaged foam inside the cylindrical cutter 
was a hot wire. The hot wire will not damage the aluminum tank skin and this 
cutting method produces no debris, thus avoiding the added complication of a debris 
collecting system. Also, the hot wire cutter is easy to use even in an overhead 
repair and will easily remove foam from any tank contour. The hot wire cutting 
tool developed for this application is shown in Figure 9-4 . The rectangular wire 
loop is 2. 5 cm (1. 0 in) wide by 5. 1 cm (2. 0 in) long and is made of 1 .45 mm (0. 057) 
diameter Nichrome wire. The phenolic insulating handle has two copper sockets 
with set screws for holding the wire loop. For euttmg PPO foam, it was found that 
a wire temperature of 750K to 840K (900F to 950F) worked best. Figure 9-5 shows 
a rejxiir hole in a PPO foam panel that has been partly cleared out using the hot wire 
cutting tool. Note how the c>'lindrical blade, inserted into the foam panel prior to 
removal of the damaged foam, protects the foam material adjacent to the hole. Also 
shown is a piece of foam removed by the hot wire. 

The second technique used to remo'/e the damaged foam inside the cylindrical cutter 
was by means of a phenolic cutting tool driven by an air motor. The designs for 
the cutter are shown in Figure 9-6 . Phenolic was used for the cutter material 
to prevent any possible damage to the aluminum tank skin. The snuiller diameter 
mill cutter (1. 27 cm (0. 5 in) diameter) was found to be too easily broken during 
use, but the 2. 51 cm (1. 0 in) diameter mill cutter proved to be satisfactory and 
also removed the foam material at a hi^er rate. The third cutter was a flat, 

3.18 mm (0.125 in) thick, 3.81 cm (1.50 in) wide phenolic blade clamped into an 
aluminum arbor. The flat blade cutter proved to be the most satisfactory. The 
flat blade is much simplier to make than the mill cutter and it removes the foam at 
a higher rate. Also, the flat blade produced cutting debris that was easier to 
contain. The mill cutter tended to grind the PPO foam into dust-like partides 
whereas the flat blade shreaded the foam into thin pieces. Figure 9-7 shows the 
flat blade, phendic cutter mounted on the air motor. The large (30 cm (12 in) 
diameter), circular face plate is covered with teflon and fits flush against the rim 
of the qrlindrical blade in order to contain the cutting debris. The debris was 
cdlected by vacuum through the port located near the base of the cutting tod. 

Figure 9-8 shows the air motor riding on the rim of the cylindrical blade which 
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Figure 9-2. Cylindrical Blade for Cutting Around the 
Repair Area 
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Bf' Figure 9-6. Phenolic Cutting Tools 
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has been inserted into a PPO foajn panel. The air supply to the motor and the vacuum 
hose can also be seen. In order to use the phenolic cutter without allowing the escape 
of any debris, it is necessiuT to first cut a starting hole by some hand method such as 
the hot wire so that the face plat' is against the rim of the cjlindrical blade before the 
air motor is started. Figure 9-9 shows a repair hole in a PPO foam panel that has 
been cleared out using the flat blade, phenolic cutter. 

The preferrpd method for removing damaged PPO foam is the hot wire cutter. The 
hot wire cutter does not have the debris problem that the phenolic cutter has and thus 
does not require a vacuum system. The hot wire tool is much easier to handle than 
the air motor driven phenolic cutter. Finally, the hot wire technique could be used to 
remove an entire PPO foam panel whereas the phenolic cutter system would scatter 
large quantities of foam debris creating a contamination problem inside a tank. 

9. 2. 2 ADHESIVE RE MOVAL. The most difficult job in the repair procedure is the 
adhesive removal. There are three potential methods: 

• Cut the adhesive around the periphery of the foam cut-out and scrape out the 
repair area. This is the most desirable but is difficult or even impossible 
depending on bond quality and adhesive flexibility. 



Figure 9-9. Repair Hole Cleared Out Using the Flat Blade, 
Phenolic Cutter 
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• Dissolve or soften the adhesive with a solvent then scrape it out. 

• Mechanically grind the adhesive out with a hard plastic cutter or abrasive 
disc. 

In all cases the difficulty lies in preventing damage to the repair area periphery and 
in avoiding solvent and debris contamination in the tank and insulation. 

An investigation was made into solvents which could be used safely in conjunction with 
PPO foam. The results of this survey are sunm\arized in Table 9-1. 

Table 9-1. Effect of Various Solvents on PPO Foam 


A. irue solvents for PPO foam - Dissolve the foam more or less rapidly at 
room temperature 

chloroform 
trichloroethane 
methylene chloride 
benzene 
toluene 

Cee-Bee C-105 (commercial polyurethane stripper) 

B. The following reagents partially dissolve PPO foam: 

methylethyl ketone 
concentrated sulphuric acid 

C. The following reagents weaken, but do not visibly dissolve, PPO foam; 

hexane j 

vaseline 

acetone 

D. The following reagents have no apparent effect on PPO foam: 

methyl alcohol 
ethyl alcohol 

water j 

aqueous acids ' 

aqueous alkali 

Uresolve-HF and -Plus (commercial polyurethane/epoxy strippers)! 
Forrest Products Laboratory etchant 

Freon-TF ; 
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9. 2. 2. 1 Polyurethane Methods . The urethane ao ,siveis tend to be elastic but if 
bonded to properly etched aluminum are virtually impossible to peel. Their elasticity 
tends to cause them to resist high speed cutters and to fill abrasive discs. 

A chemical method of repairing PPO foam panels which had been bonded to an aluminum 
substrate with a polyurethane adhesive, Crest 7343 was investigated. The objective 
was to strip off the damaged sections of PPO foam and adhesive without injury to the 
underlying aluminum substrate or to the adjacent areas of PPO foam and polyurethane 
adhesive. Based on previous knowledge of the susceptibility of PPO foam to attack 
by organic solvents, it was decided to limit this stripping investigation to alcoholic/ 
aqueous reagents. Pieces of cured Crest 7343, Shore A hardness = were tested 

in a series of solvents and the hardness measured both wet and dr, after 24 hours 
immersion. Table 9-2. The two commercial strippers, Uresolve-Plus and -HF, offer 
the greatest promise. These Uresolves are weakly basic, water soluble solutions, 
with flash points of 125"F and PH = 8 and 10.5, respectively. PPO foam is relatively 
unaffected by either of these Uresolves; only slight discoloration resulting from the 
24-hour/73*F immersion. In addition, the Uresolves can be easily rinsed off the PPO 
foam. Unfortunately, the stripping action of the Uresolves was inadequate after 24 
hours at room temperature. In order to enhance the stripping action, some time/ 
temperature immersion tests were performed. The results are summarized in 
Table 9-3. 

Aluminum panels to which 1.8 in. thick PPO foam sheets were boivled, were subjected 
to a combination of mechanical and chemical cleaning. Circular 12. 7 cm (5 in. ) in a 
diameter by 4.3 cm (1.7 in.) deep were cut into 4.6 cm (1.8 in.) thick PPO foam. 
Ninety-five percent of the PPO foam contained within this 12.7 cm (5 in.) diameter slift 
was removed mechanically. The bottom of the resulting 12. 7 cm (5 in. ) diameter 
cavity still contained a .25 cm (0. 1 in. ) of PPO foam. A 5. 1 cm (2 in. ) high metal liner 
was fitted snugly around the periphery of the cavity and sealed to the bottom with parafin 
wax. Uresolve-Plus was then poured into the cavity flushed with water and the metal liner 
pulled out. A second cavity was prepared in the same way and treated with Uresolve HF. 

The results were relatively poor. Neither of the Uresolves have sufficient stripping 
action on Crest 7343 at room temperature to remove much of the 0. 1 in. thick PPO 
foam/adheslve layer. In addition, the parafin seal along the bottom of the metal 
liner leaked. This leakage, however, resulted from the inability of the relatively 
high melting wax to penetrate into the rough, cold PPO/adhesive Interlayer mounted 
on a cold aluminum substrate. Warming the substrate prior to pouring, or use of 
a lower melting range wax would solve this problem. Most aqueous etchants are 
compatible with PPO foam. For example, the sodium dlchromate/sulphurlc acid/ 
water solution known as Forest Products Laboratory Etchant had no effect on PPO 
foam at either room or elevated (150*F)339K (150®F) temperatures. This Forest Products 
Laboratory Etchant Is also compatible with the waxes (parafin wax, green tape, etc. ) 
which might be used to seal the metal liner to the PPO foam/adheslve base. 
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Table 9-2. Effect of Various Reagents on Polyurethane Adhesive 



Crest 7343 Hardness] 

Wet 

Dry 

Acetone 

80 


l7o KOH in CHgOH 

65 


1% KOH + 1% H 2 O in CH 3 OH 

72 

84 

1% KOH + 2% HgO in CH 3 OH 

65 

84 

\% KOH + 5% H 2 O in CH 3 OH 

65 

82 

1% KOH + 10% H 2 O in CH 3 OH 

67 

81 

1 % KOH + 25% H 2 O in CH 3 OH 

70 

84 

j Uresolve-Plus 

58 

66 


Table 9-3. Effect of Tlme/Temperatare on Uresolve Stripping 
Action on Crest 7343 


[Temperature 

Time 

Uresolve-Plus 

Unreaolve-HF 

73‘^F 

24 hr. 

softened but not 
strippable 

hard and tough: not strippable 

73®F 

48 hr. 

will strip but not 
cleanly 

strippable but not cleanly 
and with difficulty 

lOO'F 

1 hr. 

unchanged 

unchanged 

lOO'F 

3 hr. 

softened 

unchanged 

lOO^F 

5 hr. 

soft: can be manually 
scraped off 

hard, adherent. 

100“F 

7-1/2 hr. 

soft: can be manually 
scraped off 

hard, adherent. 

lOO'F 

13 hr. 

can be partially 
wiped off 

can be peeled off but a residue 
remained which cannot be 
removed 

160"F 

1-lAhr. 

soft; can be 
scraped off 

hard; can be partially scraped 
off 

160*F 

2 hr. 

readily scraped off 
but no dissolved 

hard; can be peeled off 
but a residue remains 

150“F 

4-3/4 hrs. 

readily cleaned by 
wiping, but still 
not dissolved. 

can be cleaned by wiping 
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Development of a chemical stripping method for repairing urethane bonded PPO foam 
panels was not completely successful. If the Uresolves are used as the stripping 
agents, elevated temperatures are definitely required. This will require the use of 
a "pumped" continuous flow system, at least for repairs on all vertical or overhead 
PPO foam bonded areas. However, due to safety considerations, the Uresolve 
tf'mperature should be maintained below the 325K (125“F) flash point. Under these 
conditions, even with a pumped system, se'. eral hours miaht be required to 
chemically strip oft the adhesive underlying the PPO foams. 

A faster, more efficient stripping agent than the Uresolves might do a better job. 
However, the familiar commercial urethane stripping agents which are more effective 
than the Uresolves (such as Cee Bee #105 or Pennwalts "Wedge") also have a 
catastrophic effect on PPO foam. It is mandatory that any chemical stripper used be 
incapable of massive PPO foam degradation in case of an accidental spill. Finding 
a more effective polyurethane adhesive stripper than the Uresolve will require further 
research. 


9. 2. 2.2 Epoxy CleaniTOC. Epoxy adhesives tend to be more brittle and harder than 
urethanes thus lend themsdves to cutting and abrading. This approach was used 
effectively for Hysol 394. 1. To accomplish this, 5. 1 cm (2. 0 in. ) diameter abrasive 
disks were used. Figure 9-10 shows the two tyTjes of abrasive disks used along with 
the air motor and rubber backing disk. The abrasive disks snap into the rubber 
backing disk for quick and easy changing. The first disk used in removing the epojty 
adhesives is a 60 grit sand paper which removes the bulk of the bond line. Then, a 



Figure 9-10. Abrasive Disks and Air Motor for Cleaning 
the Bond Line 
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disk of scotch brite abrasive material is used to finish the removal of the epoxy 
adhesive. To contain the dust generated by the grinding, a clear plastic bag that fits 
around the air motor and tapes to the mylar sheet covering the foam is used. Figure 
9-11 shows the dust containment bag in use. The bag is tapered with the small end 
clamped around the air motoT* and the large and taped to the mylar sheet. The 
operator can easily see throu^ the bag and extra abrasive disks inside the bag can 
be easily snapped onto the rubber backing disk without opening the bag. After 
cleaning the bondline, the cylindrical blade is removed and the repair hole is ready 
to have a new piece of foam bonded in place. A finished repair hole is shown in 
Figure 9-12. 

9. 2. 3 FOAM REPAIR iNSERT. Bonding a new piece of PPO foam into the repair 
hole is accomplished by compressing an oversize foam plug, inserting the plug into 
the hole and then releasing the plug from compression. The toois for compressing 
and inserting the repair plug are shown in Figure 9-13 along with a foam repair plug. 
The compressor is expanded and then placed around the foam plug and tightened by 
means of ratchet. The disk with a straight handle is used to push the foam out of 
the compressor into the insert tool. Figure 9-14 shows the foam plug in the insert 
tool in the repair hole ready for extraction of the insert tool. Before inserting the 
foam plug, the aluminum surface at the bottom of the repair hole and the bottom face 
of the foam plug are coated with Hysol ADX 394-1 epoxy adhesive. A stype 104 glass 
scrim cloth is then applied to the foam plug and trimmed and the plug is ready for 
insertion. To hold the foam plug against the aluminum tank wall during bond cure, 
vacuum bagging technique was used. The adhesive back mylar sheet applied to the 
foamsurfaceat the outset of the repair procedure provides a surface to which vacuum a 
bag is applied. Figure 9-15 shows the vacuum bag system over a repair area. 

9.3 RE PAIR JOINT TESTS 

A thermal conductivity test specimen of the compression butt joint fabricated from 
one of the best performing configuration screening thermal conductivity test speci- 
mens. In this manner, the thermal performance of the joint can be compared 
directly with the performance of the same specimen v'ithout a joint. The specimen 
used was 72-41; 24. 9 mm (0. 98 in. ) thick. A 127 mm (5. 00 in. ) hole was cut into 
the center of the specimen using a rotating cutter, Figure 9-16. The cutter was 
machined from aluminum and has 0. 635 mm (0. 025 in. ) walls and a smooth, sharp 
cutting edge. A 25 mm (1.0 in. ) arbor machined into the top of the cutter allows the 
cutter to be mounted vertically. The rotating cutter was used to cut the hole to 
within 1.27 mm (0. 050 in. ) of the aluminum foil on the heater. Then the foam In 
the hole was cut away by hand and the adhesive bond to the alumlmm heater was 
peeled away leaving an extremely clean cut and heater surface. 

An oversized diameter plug Is cut from material of the same foam panel as the original 
thermal conductivity specimen (see Figure 9-17), allowii^ for residual edge 
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co-npresslon . The foam plug is compressed, using the tool shown in Figure 9-19. 

Adhesive is applied to the aluminum heater and the bottom of the foam plug and the 
plug inserted into the hole. The compression tool is extracted while holding the 
plug in place. Finally, the specimen is vacuum ba^ed and left to curve over night. 

Figure 9-18 is the finished joint specimen. Except for the ink outline ot the hole, 
the joint is indistinguishable from the original, continuous piece of foam. 

Thermal conductivity test results for the joint repair panel is shown in Figure 9-19. 

The 'previous calorimeter data' was that run on the original thermal coi»duc**vlty 
specimen in 1972. The specimen was re-run as a basdlne point in September 1973. 

There was a nominal 20 percent increase in apparent thermal condictlvity between the 
original and baseline run. There was no desceiui'ole reason for this, i. e. , no physical dam- 
age or non-uniform temperature readings. The 4 % compression was run in November 
1973 and the 8% compression in January 1974. There is an obvious improvement in 
performance from the 4% compression repair to the 8% compressicn repair. The 
greater the compression, the better joint from the standpoint of hydrogen entry and 
convection. The net degradation, however, is exceptionally good considering the 
specimen design and conditions to which it had been subjected. The specimen consists 
of two pieces of PPO foam bonded to a thin flexible heater. This non-rigid specimen 
had been bonded originally, then cut, cleaned and repaired twice; immersed in liquid 
hydrogen six different times and thermal cycled ten times. The net averaged degradation 
from the baseline to the 8% compression repair test was only 18 percent. Repair of 
PPO foam on a rigid base such as the shuttle expendable tank should therefore not 
represent a significant problem from the standpoint of performance degradation. 
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Figure 9-lS. Finished l^nnel Joint Specimen and Foam 
IMug Compressor 


9-20 


i 



Effective Thermal Conductivity W/mK (BTU/hr-ft-R) 
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Figure 9-* 19. PPO Foam Repair Test Results 
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SECTION 10 

ADHESIVES AND TANK SURFACE PREPARA nON 


Since PPO foam is an internal Lisulatiou system, thi" tank wall and adhesive bondline 
will not normally encounter temperatures below 200K (-100F) durint; a tyi)ical 
mission cycle. However, should a temperature depression occur at some ix)int on 
the tank it is imperative that the adhesive system prevent the propagation of smjill, 
localized failures into a major system delamination. Consequently, the adhesive 
system must properly be compatible with the foam and tank w:ill over the full system 
operating temperature range, 21 to 450K (-123 to 350 F). In the past peljnretliane 
adhesives have been employed as the principal loam insulation bonding agent due to 
their high strength and ductility at cryogenic temperatures. However, the maximum 
operating temperature is usually limited to 366 to 394K (200 to 250F), above which 
the strength falls off rapidly. The addition of small amounts of coupling agents has 
improved the hi^ temperature performance, but the polyurethanes remain marginal 
at best at the 450K (350F) temperature extreme Also, the catalyst used with the 
polyurethane adhesive, 4,4-methylene-2- chloraniline, was termed carcinogenic 
by the Occupatiomil Safety and Health Administration, and thus, its use would 
require extremely complei cleanroom procedures. Therefore the investigation 
described in this report was designed to gather data on a large number of a<ihesive 
systems, evaluate these data, select several promising candidates for comparison 
with a typical polyurcf*'::ne adhesive, and finally to select a preferred system and 
perform an indepth evaluation of its performance with PPO foam over the 21 to 450K 
(-423 to 350 F) temperature range. 

10.1 UTERATURE SURVEY 

The available current literature dealing with the use of adhesive systems on aero- 
space vehicles has been reviewed to gather all available data on the various systems 
and to assemble information on any new, high-potential adhesives which may not 
have been extensively evaluated. These data have been arefully reviewed and 
four adhesive systems have been selected for a screenixig program designed to 
evaluate their relative performance and to permit the selection of one system for 
detailed investigation with PPO foam. 

10. 1 . 1 ADHEMVE SYSTE M SURVEY. Prior to the selection of candidate adhesive 
systems for use with PPO foam over the temperature range 21 to 450K (-423 to 
350F), an extensive search of the literature was conducted. Principle sources of 
data on adhesive systems for cryogenic appiioation were invest^^tions performed 
by a number of aerospace companies induding McDoouell -Douglas, Martin Marietta, 
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NOl'th Americua (Rockwell International) as well as both the Ft. Worth and Convair 
Division of General Dynamics. Table 10-1 summarizes the results of Iris 
investigation. Available information on a total of fifty-four candidate systems is 
presented. Several trends which were found during an analysis of the data are 
itemized below. 

1. Aeromatic and heterocyclic polymers, such as phenolic, PI, ox PBi 
adhesives exhibited excellent strength characteristics throughout 
the temperature range of interest. However, all of these systems 
required elevated temperature cure. 

2. Epoxies performed quite well at elevated temperatures but tended to 
be glass like, or b”'ttle, at liquid hydrogen temperature. 

3. Polyurethane exhibited outstanding strength at cryogenic temperatures 
but were marginal or unacceptable at 4.‘50K (350F). 

4. Polysiloxanes have been used extensively over the temperature range 
of interest, but in general exhibited much lower strengths than did 
the other types of polymers. 

The two primary ground rules used in selecting adhesive systems for preliminary 
screening tests were the following: 

1. The systems must give an indication of providing adequate performance 
over the 21 to 450K (-423 to 350 F) temperature range. 

2. Adhesives curing at room temperature are preferred. However, an 
oven post cui-e of 333K (HOF), simulating shop conditions for the cure 
of extremely large structures, would be allowed. 

10.1.2 SELECTED CANDIDATE SYSTEMS. Based on these ground rules and an 
analysis of the information gathered on the fifty-four candidate systems, the following 
four systems were selected for the screening evaluation: 

1. Crest 7343/Z6040. This polyurethane adhesive system is well known 
for its outstanding properties at cryogenic temperatures. The addition 
of the Si.ane coupling agent has greatly improved the properties at 
elevated temperatures. Although its performance wilh PPO foam is 
still margiual at 450K (350F), the adhesive does ai^ear to posses 
adequate strength at 422K (300F). This system has been included in 
the screening evaluation to (1) serve as a baseline against which the 
remaining systems can be compared, and (2) evaluate the effect on 
its performance d the addition of a glass scrim. 
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2. Dow Corning RTV-560. This polysiloxane system has been used 
successfully over the temperature range of interest by a number of 
firms (Table 10-1), By comparison its strength is lower than that of 
the polyurethanes at cryogenic temperatures and lower than that of the 
epoxies at elevated temperatures. Nevertheless its performance 
appears to be adequate for use with PPO foam. 

3. Hysol EA934. This epoxy adhesive has become a standard of the 
aerospace industry. The system handles easily and posesses excellent 
characteristics at elevated temperatures. Like other epoxies, however, 
it exhibits a tendency toward brittleness at liquid hydrogen temperature. 
Additional data are required at cryogenic temperatures to make a 
valid comparison of its properties with those of the other candidate 
systems. 

4. Hysol A OX 394-1. The manufacturer claims that this new epoxy 
adhesive is an improved version of the widely-used EA934 system. 

It is said to possess elevated temperature performance equivalent to 
that of EA 934 with Improved toughness or flexibility at cryogenic 
temperatures . 

10.2 CANDIDATE SCREENING EVALUATION 

The selected adhesive systems have been screened to determine their relative 
performance with PPO foam insulation. Based on these preliminary tests one 
system has been selected for a detailed investigation with the foam over the 2 IK 
to 450K (-423 to 350F) temperature range. 

10. 2. 1 TEST PLAN AND CONDITIONS . The screening test program was designed 
to determine the basic material strength of the various candidates and to evaluate 
their performance with PPO foam under the most critical loading conditions. A list 
of the screening test spears in Table 10-2. 

Tensile lap shear tests were performed on each system at 20, 294, and 450K (-423, 

70, and 350F) using ASTM Standard D1002-64. The 2024-T3 aluminum adherends 
were prepared by solvent wiping followed by li^^t abrasion and a Pasa Jdl 105 
etch. The adhesive was apidied to both surfaces and 76/im(0. 003-in) wires were 
placed in the bondline to control its thickness. The specimens were cured for 24 
hours at room temperature under a 14 kN/m^ (2 psi) load followed by a four-hour 
338K (140F) post cure. The Crest system with the g^ass scrim was prepared in 
a similar fashion. The scrim was not preimpregnated but was sin 4 >ly sandwiched 
between the adhesive- coated adherends. The foam specimens were bonded in a sim- 
ilar manner* PPO foam panels were sliced into qpecin.ens using a horizontal band 
saw. A lii^t coat of adhesive was applied to the face of the foam and allowed to stand 
until tacky before bonding to minimize adhesive penetration into the foam. 
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Table 10-2. Candidate Adhesive Screening Program 
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Tensile lap shear test results for the various candidates are listed in Table 10-3 
and are plotted in Figure 10-1. The addition of the scrim to the Crest polyurethane 
system had no appreciable effect on the ultimate lap shear strmgth. Pertormance 
at 450K (350R) is still marginal at best. As expected the RTV system displayed 
low strengths although the value at 450K (350R) appears to be adequate for a PPO 
foam application. The two epoxies exhibited similar performance at the tempera- 
ture extremes with the 394 system appro;dmately 20 percent higher at room temp- 
erature. The seemingly low strength values at 21K (-423P) are more than adequate 
for use with PPO foam. 

Two other types of screening tests were conducted which include climbing drum 
peel and "load deflection." Peel is run to determine the torque required to separate 
the bonded system when subjected to a peeling load. Load deflection evaluates the 
ability of the system to withstand transverse loading at various temperatures before 
and after being thermally cycled and shocked. Peel test specimens were bonded 
as discussed above and tested per ASTM D1781-62, The test apparatus and a failed 
specimen are shown in Figure 10-2. 

10.2.2 TEST RESULTS, The Crest samples indicated the highest peel strength, 

and they were also the 
only specimens where 
the failure occurred 
clearly in the PPO foam. 
All of the foam specimens 
w'ere cut from panels 
having a nominal density 
of 40 kg/m^ (2.5 Ib/in^). 
The specimens with the 
glass scrim indicated 
nearly a 50 percent im- 
provement in peel strength 
at ambient temperature 
as compared to the value 
at 78K (-320F), whereas 
the Crest specimens with 
no scrim eidilbited a 
horizontal peel strength 
curve between the same 
two temperatures. Both 
of the epoxies displayed 
peel strength that Increase 
with temperature. The 
adhesive rather than the 
foam was the system 
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which failed in all of the epoxy peel tests. The slope of the RTV 560 curve was 
negative as the maximum strength dropped some 70 percent as the temperature was 
increased from 78 to 294K (-320 to 70F). The mode of failure of the RTV system 
at 78K (-320 F) was unusual. As load was applied the adhesive elongated until it 
suddenly "popped" off of the foam with the surface profile of the foam clearly 
mirrored on the adhesive surface. 


Load deflection tests are perfoimed on the specimen configuration shown in Figure 
10-3. A 7.6xl2.7x4.6cm (3x5x1. 8 in) block of PPO foam is bonded to an 8.9x16.5 
x0.3cm (3. 5x6. 5x0. 125 in) 2219 aluminum plate using the procedures described 
previously. Two load deflection specimens are pictured in Figure 10-4. Four 
specimens were prepared for each of the candidate adhesives. Two were then 
deflected 50 times at 78K (-320F), all four were thermally cycled as described in 

Table 10-2, and finally 
all four were deflected 
50 times at both 78 and 


450K (-320 and 350F). 



Figure 10-2. Peel Test Apparatus and Specimen 


n P 

1 1 PPO FOAM 

j] 

J1 



1 


A transverse load of 
1.13 kN (254 lb) was 
applied at the midpoint 
of the specimen at the 
rate of four cydes a 
minute resulting in a 
deflection of 3.8 mm 
(0.15 in). Ihis deflec- 
tion was determined to 
produce yield strain in 
the aliuninumt the max- 
imum bondline strain 
to which the adhesive 
would ever be subjected. 
The specimens were 
Inspected visually 
while being deflected 
and ultrasonically after 
bonding and after each 
series of deflections. 

The results of the load 
deflection test are shown 
In Ihble 10-3. All of the 


specimens subjected to 
deflections at 78K 


Figure 10-3. Load Deflection Test Specimen Schematic (-320F) before thermal 
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cycling survived witli no detectable delaminations. Subsequent to the cycling at least 
one specimen from each of the Crest and Dow Corning groups delaminated during the 
450K (350F) deflection cycle. One Hysol EA934 specimen failed during the deflection 
cycle at 78K (-320F). However, none of the four Hysol ADX 394. 1 specimens suffered 
delamination during the 78 and 4S0K (-332 and 350F) testing. Success at the higher 
temperature was expected, and success at the lower temperature tended to support 
the mamfacturers claim that the 394-1 epoxy adhesive possesses improved ductility 
at cryogenic temperatures. 

10.2.3 SELECTED ADHESIVE SYSTEM. Based upon its performance during the 
screening evaluation, the Hysol ADX 394-1 epoxy adhesive was selected for further 
indepth investigation with PPO foam. Due to the reduced ductility of epoxy adhesives 
at cryogenic temperatures, the decision was made to test the adhesives with the 
addition of a 104 glass scrim to give it every chance of meeting the system requirements. 
Since the scrim is not preimpregnated it adds only two additional steps to the bonding 
procedure; layup on one of the adhesive-coated adherends and trimming after curing. 
Another feature offered by the presence of the scrim is positive bondline thickness 
control, achieved by reducing the tendency of the adhesive to flow laterally due to the 
imposition of excessive or non-uniform pressure. 

10. 3 HYSOL ADX 394-1 INVESTIGATION 

The Hysol ADX 394-1 adhesive wltli 104 glass scrim was selected for detailed investi- 
gation with PPO foam. A series of tests was performed on specimens before and after 
cycling 50 times over the temperature range of 21 to 450K (-423 to 350F). 

10. 3. 1 TEST PLAN AND CX3NDITIONS. Table 10-4 outlines the test program for 
structurally evaluating the PPO foam insulation Hysol ADX 394-1 adhesive system. 

Two identical sets of specimens were prepared. The first set, which was not thermally 
cycled, was tested to serve as a baseline for comparison with data from the second 
set which had been subjected to 50 cycles between 21 and 450K (-423 and 350F) before 
testing. In addition to tensile lap shear ar^d climbing drum peel tests described in 
Section 10.2, PPO foam core shear, face tension, and cyclic monostrain (dogbone) 
tests were performed at each of the four temperatures. The face tension and core 
shear tests were standard ASTM procedures (C297-61 and C273-61, respectlvdy) 
designed to determine the load at failure of the foam/adheslve system under pure 
tensile and shear loading. 

The oyollo monostrain (l.e. , uniaxial) testing was designed to evaluate the structural 
int^prity of the stiucture/insulation system combination under representative mechanical 
and thermal loading and environmental conditions in alignment with vdilcle life cycle 
criteria. The design crltiera and oondltionB of the Space Shuttle vdilcle, including 
the idOuenoe of biaxial strain and conq>resslve loading, were e^^>loyed in determining 
the design and test criteria for the monostrain test specimens. The specimens were 
fabricated from 0. 318 cm (0. 125 in) 2219- T81 aluminum alloy plate which was out 
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Table JO-4. Hysol ADX 394-j ; .vestigaUon Test Plan 
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cut Into rectangular pieces, 47.5-<11.4cm (18.7-<4.5 in), with machined pinholes 
at each end. The PIX) foam blocks were then bonded on and cured. Tinally, the 
center section was nocked down to the dogbonc configuration, 5.08 cm (2. 0 in) wide. 

A total of six monostrain specimens were prepared and ultrasonically inspected. The 
test conditions and sociuence ax’e illustrated in Table 10-5. 

10.3. 2 THERMAL CYCLING. To be an acceptable co.»a,x)nent of the PPG foam 
insulation system, the adhesive must be capable of pertorming reliably in the face 
of wide environmental tempex'aturc variations. The criicria for the original Spaee 
shuttle configuration was repeatable performance for up to 100 mission cycles where 
the bondline temperature could vary from 21 to 450K (-423 to 350F). Cycling from 
21 to 450 to 21K (-423 to 350 to -423F) requires an elaborate test facility due to the 
requirement that the foam be isolated from air at 450K (350F). A compromise test 
program was selected. The test goal of demonstrating the effect of thertual cycling 
on bondllnc integx'ity was accomplished by subjecting a complete set of specimens 
described in Table 10-4 first to 50 cycles between 294 and 450K (70 and 350F) in a 
gaseous nitrogen environment followed by 50 additional cycles between 294 and 21K 
(70 and -423jF) in a hydrogen environment. 

10.3.2. 1 Elevated Temperature. Four alumiriim cases were fabricated to contain 
the test specimens for elevated temperature cycling. Each case contained a purge 
gas inlrt and a thermocouple passthrough. Flexible purge lines were connnected to 
the caSv'S and to a GN 2 bottle. After thoroughly purging the specimens, the cases 
were sealed and an addiiional line was teed into the purge line and routed to a water 
flask to maintain a constant pressure in the system equivalent to a 5. 1 cm (2 in) 
head of water during cycliiig. At any one time two of the cases were being heated in 

a circulating air oven while the 

Table 10-5. Cyclic Mbnostraln Test Conditions Qtj,er two were allowed to cool. 

The temperature in the oven 

Temperature Load Equivalent Strain was maintained at a level no 

K(F) kN (lb) nx/m higher than 456K (360F). Wh'le 

this resulted tn a rather long 
21 (-423) 45.8 (10.300) 0.0034 h„«„g cycle, it goaraoteed 

294 ( 70) 44.7 (10,050) 0.0040 limited local tempera*'xre over- 

shoot at this critical cycle 

422 ( 300) 31.1 ( 7,000) 0.0028 extreme. Upon reaching the 

450 ( 350) 29.8 ( 6.700) 0.0028 specified temperatures the cases 

were switched and the cycle 

(1) 21K - . 1 — 294K (2) was completed. Using this 

procedure a total of 50 cycles 
between 294 and 450K (70 and 
350F) were applied at an average 
time of 6. 5 hours per cycle. 

At the completion cycling the 
specimens were visually 
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inspected for discoloration and delamination. While the specimens had darkened 
somewhat, there was no indication of foam embrittlement or any other form of 
degradation. No delaminations were observed. 

10.3.2.2 Cryogenic Temperature . At the completion of the elevated temperature 
cycling the specimens were transported to the Liquid Hydrogen Test Center, Site 
"B" for cryogenic cycling. The specimens were placed in baskets and mounted in 
a small vacuum jacketed test tank. Thermocouples were installed to monitor bondline 
temperatures. The tank was purged thoroughly with helium and evacuated to 69 kN/m^ 
(10 psia) a total of five times prior to purging with gaseous hydrogen. During cycling 
care was taken to avoid thermally shocking the specimens since the bondline of a PPO 
foam system installed in a large taric would not normally be chille ’ rt a high rate. 

The specimens were warmed by an ambient temperature gaseous hydrogen purge. 

Using this technique a cycle time of approximately four hours was achieved. The 
specimens were again visually inspected at the completion of cycling and no deteri- 
oration or delaminations were observed. 


10.3.3 TEST RESULTS. Following the cryogenic cycling the second set of test 
specimens was subjected to the same test program (Table 10-4) as was the first 
set. Results of the various "static" tests for both the uncycled ("U") and cycled 
("C") specimens are shown in Table 10-6. Lap shear strengths of the specimens 
are illustrated graphically in Figure 10-5. The strength of the cycled specimens is 
greater than that of the uncycled specimens at each test temperature. The elevated 
temperature exposure given the cycled specimens apparently caused a post curing 
which results in iin rov d shear values over the whole temperature range. Figures 
10-6 and 10-7 show the cycled specimens after shear testing at 21 and 450K (-423 
and 350F), respectively. Compared with the results of the screening tests of 394-1 



TEMPEHATIRE, K (F) 


Figure 10-5. Lap Shear Strength as a Hysol 
AOX394. 1 Adhesive 


without the scrim, the cryogenic 
lap shear strength is considerably 
Improved by the scrim. Results 
at the other temperatures are 
similar. 

Results of the foam face tension 
and core shear tests are illus- 
trated in Figures 10-8 and 10-9. 
All of the specimen failures can 
be attributed to the foam com- 
ponent. At ambient and cryo- 
genic temperatures the strengths 
of the cycled specln?ens averaged 
approximately 90 percent of 
those of the uncycled specimens. 
At 422 and 450K (300 and SSOF) 
the reverse is true. Thus there 
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Table 10-6. Results of Hysol ADX 394-1 Investigation 
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Figure 10-7. Lap Shear Specimens After Test at 450K (350F) 
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was no significant change in for' i or adhesive structural integrity' brought alx)ut by 
the thermal cycling. Figures 10 through 13 show cycled face tension a.ni core shear 
specimens tested at the temperature extremes. 

The peel strength of the foam/adhesive specimen is illustrated in Figure 10-14. 
Specimens after test at cryogenic temperature are shown in Fi^^re 10-15. 

Although the failures at ambient and ci 70 genlc temperatures appeared to be in 
the adhesive, there was no marked drop off in peel strength. 

Each dogbone specimen was automatically cycled 400 times, at a rate of approximately 
three cycles per minute, from maximum load to 10 percent of the maximum load 
(to prevent inadvertent compression) at each of four temperatures. The three 
specimens in each set begin the test sequence at different points in the cycle to 
isolate early failures. The dogbones were ultrasonically inspected after each 400 
cycle sequence. No disbonds were found in any of the specimens at any point 
during the test. A typical dogbone monostrain test specimen is shown in Figure 10-16. 

The following conclusions may be drawn from the results of the Ilysol ADX 394-1 
adhesive investigation. 

1. For all comparable tests, the strengths of the adhesive was significantly 
greater than that of the polyurethane adhesive at elevated temperatures. 

2. Thermal cycling between 21 and 450K (-423 and 350F) resulted in an increase 

in the tensile lap shear strength of the adhesive and had no significant deleterious 
effects on other measured values. 

3. The 394-1 adhesive survived all of the cyclic loading tests, both longitudinal 
and transverse, and both before, after and during exposure to repeated severe 
thermal environments. 

4. In all static tests where the foam/adheslve system was evaluated, the foam 
component suffered the failure except during climbing drum peel at cryogenic 
and ambient temperatures. Here the measured strength required to peel the 
specimen was approximately one-third to one-half that of the polyurethane 
bonded specimens. No criteria for minimum system peel strength has been 
established. 

Z. With the possible exception of the peel test results, the Hysol ADX 394-1 
adhesive system has demonstrated excellant performance under severe 
test conditions. 
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Figure 10-10. Face Tension Specimens After Test at 21K (-423F) 
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Figure 10-11, Face Tension Specimens After Test at 450K (350F) 
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Figure 10-12. Core Shear Specimens After Test at 21K (-423F) 
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Figure 10-13. Core Shear Specimens After Test at 450K (350F) | 
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Figure 10 - 16 . Cyclic Monostrain Test Specimen After 
Full Series of Tests 
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CONCLUSIONS AND RECOMMENDATIONS 


11.1 CONC3LUSIONS 

Material Development. Initially forty PPO foam panels of different compositions and 
densities were inspected and tested. This screening resulted in a materials composition 
recommendation to the vendor. A preliminary material specification was prepared. 

The vendor foamed some seventy panels with varying densities aivl thicknesses of the 
recommended material. These were generally good quality and were extensively tested 
and catalogued by Convalr. The vendor then Initiated a program to set up a semi- 
automated pilot production line to Improve quality control, increase output, and reduce 
costs. Panels produced and delivered during the following year were hand made using 
production materials and techniques. Almost without exception these panels were poor 
quality. Early in 1974 all foam deliveries were stopped. In April 1975 a final ten 
panel shipment was received. The panels were of good quality, met specification 
requirements, and had a very low thermal *'onductlvity. 

During the course of the PPO foam development, an occasional panel of exceptionally 
high quality, fine, uniform cell material was obtained. Manufacturing consistently 
high quality foam is therefore believed to be a matter of obtaining the proper equipment 
and applying normal chemical process industry quality control standards to the raw 
materials and processes involved. 

Insulation - The material Is an excellant gas layer Insulation for use with liquid 
hydrogen. When used with the warm side at room temperature, the thermal conductivity 
is less than 15 percent greater than gaseous hydrogen. As the warm face approaches 
LN2 temperature 78K (140R), the thernuil conductivity approaches a value about 40 
percent greater than gaseous hydrogen. 

The material is sensitive to density gradients parallel to the cell direction. However, 
when purchased with the density gradients and cell sizes per the specification prepared 
during this program, a minimum predictable thermal conductivity Is assured. 

* ^ttuctural Properties •> The anisotropic thermo-mechanical properties nmke the 
material ideally suited to cryogoaic service. The low strength, low modulus, and high 
elongation perpendicular to the cells permit the material to move easily with any 
substrate to adiloh it Is bonded. The material is flexible at cryogenic temperature 
and can be used in an inert atmosphere up to 4S0K (350F). When service above 367K 
(200F) is eiqpected^a heat treat should be performed to preshrink and stabilize the 
material at maximum service temperature in a non-oxidizing atmosphere. 
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The material is lightweij 2 ;ht, 40 kg/cm*^ (2.5 Ib/ft^), therefore should be usable in many 
aerospace applications. 


Fabrication - PPO foam is an easy material to handle and fabricate. It can be cut with 
a saw, knife or hot wire. It can be heat formed if desired and also can be easily cold 
shaped into small radii then bonded with room temperature cure adhesives. Material 
up to 75 mm thick can be cold shaped into comers where R/t ^ 1. Foam-to-foam joints 
can be compressed :uui do not require landing even for a gas layer insulation. If 
desired, however, large panels can be pre-edge bonded to any handleable si/e. 

Repair - Damaged material is easily removed with a hot wire, scraper, or phenolic 
cutter. Repair plugs can be compressed and inserted without edge bonding. Removal 
of the surface adhesive, if grinding is necessary, is the only significant challenge. 

A panel repaired twice and tested six times over a period of more than a year was 
degraded thermally only eighteen percent. 

11.2 RECOMMENDATIONS 

PPO Foam Material Development - PPO foam as it is made today, contaias x'esidual 
unblown particulate matter which apparently has no detrimental affect on its thermo- 
mechanical properties. It is, however, a potential source of contamination in an 
internal insulation system. Additional effort is recommended in the raw material 
mixing and foaming processes to eliminate or minimize this particulate matter. 

Cutting and handling also produce debris. It *s recommended that PPO foam be 
used in a "large" liquid hydrogen tank such as a cryogenic component test tank wdilch, 
over a period of months or years, is used frequently; tanked and detanked. Periodic 
inspection should be performed on the insulation, discharge lines, and filters to 
evaluate the exteivled long term serviceability of PPO foam and the extent of any 
"debris" problem. 

PPO foam is made on essentially the same tooling today as it was 6 years ago. 

The usable piece size is about 61 x71 cm (24 x 28 Inches), and the production rate 
Is low. As a result, the foam has limited availability and relatively high price. The 
cost of phenyl ene oxide resins Is comparable to other plastics used In foams such as 
polycarbonate and urethane. Styrene, acrylic and PVC are much cheaper. The 
mixing and foaming process results In the current cost of PPO foam (ai^roximately 
$100. OO/ft^) compared to urethane which Is $3-$4/ft^. The low density, handleablllty 
and fleoclblllty of PPO foam make It a good candidate sandwich construction and 
commercial Insulating material if the price were reduced. Since Its use In aerospace 
and cryogenic service requires higher quality material. It could be graded, like 
lumber, and the lower quality material sold at reduced cost to the packaging, a^pltance, 
and construction Industries. Production of die foam in a reduced/sost semi- automated 
process Is considered Important to Its acceptance and use as a commercial material. 
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PPO Foam Uses - PPO foam could be used as a gas layer insulation for most liquified 
gases (except L02)« Because the thermal conductivity of other gases is lower than 
hydrogen, the use of PPO foam with these liquids would be comparably more thermally 
efficient. The required cell size of the PPO foam W(xild in most cases need to be 
smaller. A program is recommended to continue the effort to reduce the foam cell 
size and to increase cell uniformity and further improve the density gradient. 

PPO foam has unique mechanical properties which makes it an excellant separator 
material for double walled self evacuated vessels such as pipes and tanks. It is 
comparable to honeycomb but has a lower strength, lower shear modulus, and finer 
cell structure \\^lch will result in significantly lower loads on the surface bond lines. 
The foam also has greater capacity to absorb the thermal stresses inherent in a 
double walled \ esr.el . 

Us e Expansion Process to Foam Other Plastics - Cell size and uniformity, residual 
particulate matter, cell friability and cost all need further development. It is possible 
that plastics other than phenylene oxide could be "foamed" to give the same or even 
improved properties while solving some of the abovt. mentioned problems. Pursuit 
of this process with other materials is recommended. 
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APPENDIX A 

PPO FOAM PANEL INVENTORIES 


1971 Panel Inventory 

A-2 

1972 Panel Inventorv 

A-3 

1973 Panel Inventory 

A-6 

1974 Panel Inventory 

A- 10 

197R Panel Inventory 

A-11 


A-l 



1971 PPO Foam Panel Inventory 


1 Identification 

Thickness 

Size 

Density 

Blowing 

Agents(l) 

Nucleating 

Agent^^ 

GD/C 

TNO 

mm 

in 

cm> cm 

in A in 

kg/m^ 

Ib/ft"' 

71-1 


75 

3 

71 ^ 89 

28 ^ 35 

36,4 

2.27 

DCE 

VER 2 phr 

-2 


75 

3 

69 V 79 

27 X 31 



DCE 


-3 




69 ■ 76 

27 X 30 



If 


-4 

_5 


tf 

tf 

70 X 79 

ft 

27^y 31 

It 



♦ f 

1 V 

-6 


ft 

n 

ft 

ff 

36.4 

2. 27 


ft 

-7 


?T 

ft 

tt 

ff 




" 

-8 


M 

f f 

ff 

tf 





-9 


ft 

ft 

ft 

If 



If 


-10 


T V 

f f 

•1 

ft 



* 


-11 

25-3A 

50 

2 

33 ^ 43 

13 17 

33.0 

2,06 

DCE/CNU 1.3 


-12 

24-2 

50 

2 

69 X 79 

27 X 31 

30.6 

1.91 

DCE/CND 1:3 

f i 

-13 

-4A 

ft 


51 X 74 

20 X 29 

29.3 

1.83 

*• 

♦ » 

-14 

-4L 

ff 


4C X 74 

18 X 29 

28.8 

1.80 

** 

Tf 

-15 

21-7-2A 

50 

2 

46 ^ 70 

18 X 30 

42.3 

2.64 

DCE/CNU 1:3 

ti 

-16 

-3A 

" 


M 

If 

38.6 

2.41 

M 

*f 

-17 

-4A 





42.1 

2.63 

DCE/CNU 1:1 

It 

-18 

-5A 


fl 

f 

ft 

43,8 

2.67 


1 

-19 

-6A 


” 

Tf 

II 

43.9 

2.74 


It 

-20 

-8A 


ff 

f f 

M 

49. S 

3.11 

DCE/CNU 3:1 

II 

-2i 

-9A 




M 

47.4 

2.96 


fl 

-22 

-2B 





45.2 

2.82 

DCE/CNl 1:3 

II 

-23 

-3B 


M 

tf 

IT 

4C.0 

2. 87 


If 

-24 

-6B 


ff 

ft 

ft 

44.9 

2.80 

DCE/CNU 1:1 

♦ 1 

-25 

-7B 




Tf 

45.9 

2.93 

1 DCE/CNU 3:1 

II 

-26 

-8B 




tf 

47.9 

2.99 

i " 

fl 

-27 

lA-9-9-71 

50 

2 

25 X 61 

10 > 24 

40.2 

2.51 

DCE/f P 5:1 


-28 

IB- 

” j 

1 " 

IT 

ft 

38.9 

2,43 

' 

If 

-29 

2.' • 



M 

ft 

38.1 

2.38 


n 

-30 

1-1/29-0-71 

50 

2 

60 X ;8 

24 X 31 

47.7 

2.98 

DCE/SBP 5:1 

VERS phr 

-31 

2-3/ 



48 X 78 

19 X 31 

4J ! 

2.56 


GEN 2 phr 

-32 

3-1/ 

'* 


53 X 80 

21 ■ 32 

46.9 

2.93 


VERS phr 

-33 

4-10-71/1-1 

50 

2 

58 79 

23 X 31 

46.3 

2.89 

DCE 

GEN 2 phr 

-34 

/2-1 



61 X 79 

24 V 31 

46.4 

2.90 


GENS phr 

-35 

/3-1 


If 

64 X 81 

25 V 32 

43.9 

2.74 

f f 

VERS phr 

-36 

SPl-2 

u 

If 

53 X 71 

21 X 28 

37.8 

2.36 ! 


GEN 2 phr 

-37 

28-9-71/EX2 

50 

2 

33 > 48 

13 X 19 



DCE/SBP 5:1 

GEN 2 phr 

-36 

1 

12-10-71/EX5 

If 


30 > 16 

12 X 18 



DCE 

GIJN 2 phr 


(1) DCh - Dlchloroethane, CNU - Chloroth^nc Nu (trichloroethane), SBP - Petrc jum Ether 

(2) VER - vermlculite, GEN - Geratron (azodicarbonamide) 


PRECEDING PAGE BLANK NOT FILMS) 


ORIGINAL PAGE 0 
OF POOR QUALITY 
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1972 PPO Foam Panel Inventoi"}^ 


pro Resin, 61 pph 

Blowing Agent: DCE/CNU(1:3), 37 pph 
Nucleating Agent: GEN, 2 pph 
Open Press 













1972 PPO Foam Panel Inventory (Pont'd) 


Identifier 

Thickness 

Size 

Density 

GD/C 

TNO 

mm 

in 

cm X cm 

in X in 

kg/m^ 

Ib/ft^ 

-36 

18-1-' 

72/5-8 

50 

2 

66 X 76 


42 

2.62 

-37 


/5-9 

ff 

ft 

ff 

ff 

42 

2.62 

-38 

f! 

/5-11 

f • 

ff 

ff 

ff 

45 

2.81 

-39 

n 

/5-12 

ff 

ff 

ff 

ff 

44 

2.75 



/5-15 

ff 

ff 

ff 

ff 

42 

2.62 

-41 

5-1-72/7-1 

75 

3 

60 X 60 

23.5x23.5 

40 

2.50 

-42 

ff 

/7-5 

ff 

ff 

ft 

ff 

43 

2.69 

-43 

f! 

/7-6 

ff 

ft 

ff 

ff 

45 

2.81 

-44 

M 

/7-7 

ff 

ff 

ff 

ft 

43 

2.69 

-45 

tl 

/7-10 

ff 

ft 

ff 

ff 

44 

2.75 

-46 

M 

/7-11 

ff 

ff 

ff 

ff 

42 

2.62 

-47 

17-1-72/2-5 

25 

1 

66 ^ 76 


44 

2.75 

-48 


/2-6 

ft 

ft 

ff 

ft 

46 

2.87 

-49 

M 

/2-7 

ff 

ff 

ff 

ff 

42 

2.62 

-50 

ff 

/2-8 

ft 

ff 

ff 

ff 

46 

2.87 

-51 

ft 

/2-9 

ft 

ff 

ft 

ff 

44 

2.75 

-52 

ff 

/2-10 

ff 

ft 

ff 

ff 

45 

2.81 

-53 

•1 

/2-13 

ft 

ff 

ft 

ff 

46 

2.87 

-54 

ft 

/2-14 

ff 

ff 

ff 

ff 

46 

2.87 

-55 

ff 

/2-15 

ft 

ft 

ff 

ff 

46 

2.87 

-56 

ff 

/2-16 

ff 

ff 

ff 

ft 

45 

2.81 

-57 

ff 

/2-17 

ff 

ff 

ff 

ff 

42 

2.62 

-58 

ff 

/2-18 

ff 

ff 

ff 

ft 

42 

2.62 

-59 

12-1- 

-72/3-1 

ff 

ff 

ff 

ff 

57 

3.56 

-60 

ff 

/3-2 

ff 

ff 

ff 

ff 

60 

3.75 

-61 

ft 

/3-3 

ff 

ff 

ff 

ft 

60 

3.75 

-62 

ft 

/3-4 

ff 

ff 

ff 

ft 

57 

3.56 

-63 

ft 

/3-5 

ft 

ft 

ff 

ft 

58 

3.62 

-64 

ff 

/3-6 

ft 

ff 

ff 

ff 

63 

3.94 

-65 

ff 

/3-7 

ff 

ff 

ff 

ft 

58 

3.62 

-66 

ft 

/3-8 

ff 

ff 

ff 

ft 

61 

3.81 

-67 

ft 

/3-9 

ff 

ff 

ff 

ff 

59 

3.69 

-68 

ft 

/3-10 

ff 

ft 

ff 

ft 

61 

3.81 

-69 

ff 

/3-11 

ff 

ff 

ff 

ft 

59 

3.69 

-70 

ff 

/3-12 

ff 

ff 

ff 

ft 

57 

3.56 

-71 

26-1-72/8-2 

75 

3 

60 X 60 

23.5X23.5 

55 

3.44 

-72 

ft 

/8-3 

ft 

ft 

ft 

ft 

53 

3.31 

-73 

ft 

/8-4 

ft 

ff 

ft 

ff 

54 

3.38 

-74 

ft 

/8-5 

ft 

ff 

ft 

ff 

57 

3.56 

-75 

ff 

/8-6 

ft 

ff 

ft 

ff 

51 

3.19 

-76 

1 

ff 

/8-7 

ft 

ff 

ft 

ft 

52 

3.25 
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1972 PIK) Foam Panel Inventory (Cont'd) 


Identifier 

Thickness 

Size 

Density 

GD/C 

TNO 

mm 

in 

cm X cm 

in X in 

kg/n.'^ 

Ib/fi"' 

72-77 

14-6-72/9-4 

50 

2 

O 

O 

27.5 ' 27.5 

53 

3.31 

-78 

9-5 

If 

M 

11 

11 

54 

3.37 

-79 

9-6 

n 

1 1 

11 

T 1 

f)3 

3. 31 

-80 

9-8 

ft 


1 ^ 



3.31 

-81 

9-9 



1 

11 

54 

3.37 

-82 

9-12 

1 1 

’ 1 

' f 

M 

54 


-83 

13-6-72/8-10 

75 


60 ^ 60 

23.6 23.6 

52 

3. 2b 

-84 

8-11 

n 

M 

11 

11 

55 

3.44 

-85 

8-12 

ff 

M 

11 

11 

52 

3.25 

-86 

8-16 

11 

11 

11 

It 

53 

3.31 

-87 

8-18 

IT 

1! 

11 

: IT 

53 

3.31 

-88 

8-19 

11 

M 

1 

11 

11 

53 

3.12 

-89 

10-9 

45 

1 3/4 

o 

o 

15.8 A 15.8 

62 

3.87 

-90 

10-13 

50 

2 

It 

11 

70 

4.37 

-91 

0210-4J 


U 

SOD 

11. 7D 

45 

2.81 

-92 

2209-31 

M 

11 

2?D 

9.8u 

45 

2.81 

-93 

21-10-7153 

140 

5 1/2 

30 X 34 

12 X 13.5 

33 

2.06 
1 


(1) New Screening Panels 



1973 PPO Foam Panel Inventory 
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1973 PPO Foam Panel Inventory (Continued) 


Size; 70x80 cm (27.6x31.5 in.) Thickness: 50 mm (2 im) 


Identification 

Density 
Vendor Data 

Cominerts 

Date 

Rec'd. 

GD/C 

TNO 

kg/m3 

lb/ft3 

73-13 

181272/5-5 

43 

2.69 

Stock 


22 

-14 

5-8 

43 

2.69 





-15 

5-9 

42 

2.62 





-IG 

5-11 

43 

2.69 





-17 

5-12 

43 

2.69 





-18 

5-13 

43 

2.69 





-19 

5-15 

42 

2.62 





-20 

201272/5-16 

42 

2.62 





-21 

5-17 

41 

2.56 





-22 

5-19 

41 

2.56 





-23 

5-20 

41 

2.56 





-24 

5-21 

41 

2.56 





-25 

5-22 

40.5 

2. 53 





-26 

5-23 

39.5 

2.47 





-27 

5-24 

41 

2.56 





-28 

5-25 

41 

2.56 





-29 

5-26 

41.5 

2.59 





-30 

5-27 

41 

2.56 





-31 

5-28 

43 

2.69 





-32 

5-29 

42.5 

2.65 





-33 

211272/5-32 

42 

2.62 





-34 

5-33 

41 

2.56 





-35 

5-35 

41.5 

2.59 





-36 

5-36 

42 

2.62 





-37 

5-38 

43 

2.69 





-38 

5-39 

42 

2.62 





-39 

5-40 

42 

2.62 





-40 

5-41 

43 

2.69 





-41 

5-42 

43 

2.69 





-42 

5-43 

43 

2.69 





-43 

5-44 

42 

2.62 





-44 

5-46 

42 

2.62 





-45 

5-47 

43 

2.69 





-46 

020173/5-48 

44 

2.75 

i 




-47 

5-50 

41 

2.56 

1 




-48 

5-51 

42 

2.62 

X-rayed, to Pit. 19 w/ tanks 



-49 

5-52 

42 

2.62 


1 



-50 

5-53 

41.5 

2.59 

1 

1 


f 
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1973 PPG Foam Panel Inventory (Continued) 


Size: 70 x 80 cm (27.6 x 31. 5 in. > 


Thickness: 50 mm (2 in.) 




Density 

Identification I 

Vendor 

Data 

gd/c 

TNO 


73-51 

020173/5-54 

41 

2.56 

-52 

5-56 



-53 

5-57 



-54 

5-58 

If 

T 

-55 

5-59 

41.5 

2.59 

-56 

5-60 

41 

2.56 

-57 

5-61 

41.5 

2.59 

-58 

5-62 

39.5 

2.47 

-59 

5-63 

41 

2.56 

-60 

5-64 

42 

2.62 

-61 

5-66 

41 

2.56 

-62 

5-67 

41.5 

2.59 

-63 

5-68 

41.5 

2.59 

-64 

5-69 

42 

2.62 

-65 

5-70 



-66 

5-71 



-67 

5-72 



1 

0^ 

00 

5-73 



-69 

5-74 

41.5 

2.59 

-70 

5-76 

42 

2.62 

-71 

5-77 

1 


-72 

5-78 

i 


-73 

030173/5-79 

T 

f 

-71 

040173/5-80 

43.5 

2.72 

-75 

5-81 

44 

2.75 

-76 

5-82 

41.5 

2.59 

-77 

5-84 

4'i.5 

2.65 

-78 

5-86 

42 

2.62 

-79 

5-87 

42 

2.62 

-80 

5-88 

44 

2.75 

-81 

5-90 

41 

2.56 

-82 

5-91 1 

42 

2.62 

-83 

5-92 

43 

2.69 

-84 

5-93 

43.5 

2.72 

-85 

5-94 

41.5 

2.59 

-86 

5-96 

43.5 

2.72 

-87 

5-97 

43.5 

2.72 

-88 

5-98 

43 

2.69 


Comments 


2.56 Large scale bonded panel 

IT ff tf n 

X-rayed, Mat'l.Res.Lab Insolation 

2.59 i i 


Date 

Rec'd. 


X-rayed Joint Test 


Deflection Test 
Repair Material 
Joint Test 


Stock 





1973 PPO Foam Panel Inventory (Continued) 
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1974 PPO Foam Panel Inventory 


Date Ueccivud; 5 Fobruary 197 1 7U i cm (25. \ > iiu ) 


Identification 

Ihickne.ss 

Density 
\'endor Data 

X-ray 

C'umnients 

GD/C 

TNG 

nim 

in. 

k^/m^ ! 

iKd 

7t-l 

12173-10 

53,3 

2. i 

12.5 ' 

2.7 

X 

fixtrudi'd, 2 MS 

IK'K, .j phr 

*> 

12173-11 

53 

.3 

2. 1 

43.3 

2.7 

\ 

Hxtruded, 2 Ms 

D(‘K, 5 phr 


141273-22 

13.2 

1.7 

38. 5 

2. 1 

X 

l-.>:truded. 2 MS 

I4(’k, 5 phr 

\ 

111273-1 

13 

2 

1.7 

14.5 

2.8 

X 

Kxtrudi'd, 2 MS 

DCK, 5 phr 

5 

111273-18 

15 

. 7 

1.8 

13.5 

2,7 


Intruded, 2 MS 

DCK. 5 phr 

(i 

111273-3 

15.7 

1.8 

15.0 

2.8 


1 xtruded, 2 MS 

DCK, 5 phr 

7 

141273-10 

53 

.3 

2.1 

42.0 

2.6 


Kxtruded. 2 MS 

DCK, 5 phr 

8 

141273-20 



2. 1 

41.0 

2.6 


l-jctruded. 2 Ms 

IKK, 5 phr 

9 

080174-3 



2. 1 

12.0 

2. 6 

X 

Milled. 1 MS 

DCK/CNT, 3 phr 

10 

141273-17 



2. 1 

43, 5 

2.7 


fxtnided, 2 Ms 

DCK 5 phr 

1! 

111273-5 



2. 

40.0 

2.5 

X 

lAtrudcd, 2 Ms 

DCK/CNT/, 5i,hr 

12 

111273-4 



1.8 

12.0 

2.6 

X 

Hxtnided. 2 MS 

DCK/CNK, 5 pl.r 

i:i 

141273-21 



2. 1 

39. 0 

2. 1 


KjxlnuU‘<4, 2 MS 

DCK 

1 1 

141273-23 



2. 1 

38.0 

2. i 


fjxtnidfd, 2 MS 

DCf 

ir> 

080174-1 



2.1 

13.0 

2.7 

X 

Milled, 1 MS 

DCK/CNl', 3 phr 

ifi 

080174-2 



2. 1 

43. 5 

2. 7 

\ 

Millel, 1 MS 

DCK/CNT, 3 plir 

17 

090l71-2(. 

58 

. 1 

2.3 

llO.O 

7. 1 


Milled, 3 MS 

DCK, 5 phr 

18 

090171-24 

5.' 

.3 

2. 1 

132.0 

8.2 


Milled, 3 MS 

DCK, 5 phr 

19 

090174-30 



2. 1 

128. 0 

8.0 


Milled, 3 MS 

DCK, 5 phr 

20 

090171-23 



2. 1 

126. 0 

7.9 

X 

Milled, 3 Ms 

DC K, 5 phr 

2 ’ 

080171-12 



2. 1 

4 1.5 

2. 


Mill-d, ! M.> 

DCK/CNV, 3 phr 

22 

080174-32 



2. 1 

130.0 

8. 1 


Milled, 3 MS 

IK K, 5 phr 

211 

080174-7 



2. 1 

42.0 

2.6 


Milled. 1 MS 

DCK/CNU, 3 phr 

21 

080171-10 



2. 1 

15.5 

2. 8 


Milled, 1 MS 

DCK/CNU, 3 phi 

2G 

080174-G 



2. 1 

15,5 

2,8 


Milled, 1 MS 

DCK/CNU, 3 phr 

20 

121 173-6 



2. 1 

12,5 

2.7 

X 

4j(tmded, 2 MS 

DCK/CNU, 5 phr 

27 

040174-31 



2. 1 

IIO.O 

6.9 

X 

Kxtrudeii, 7 MS 

DCK, 5 phr 

28 

010174-35 



2. I 

113.0 

7. i 


FAtruded, 7 MS 

DCK, 5 phr 

20 

090174-29 



2. 1 

128.0 

8.0 


Milled, 3 MS 

DCK, 5 phr 

30 

080174-8 



2. 1 ' 

n. 5 

2.6 


Milled, 1 MS 

DCK/CNU, 3 phr 

31 

110174-42 

7.,. 2 

3.0 

43.5 

2.7 

X 

MilUd, 2 MS 

DCK/CNU, 3 phr 

32 

110174-34 



3.U 

44.0 

2.7 ' 

X 

MilUxJ, 2 MS 

DCKTNU, 3 phr 

33 

110174-36 



3.0 

43,0 

2.7 

X 

Milled, 2 MS 

DCK/CNU, 3 phr 

31 

110174-41 



3.0 

45.5 

2.8 

X 

Milled, 2 MS 

DCK/CNU, 3 phr 

33 

110174-35 



3.0 

43.0 

2. 7 

X 

Milled. 2 .MS 

DCK/CNU, 3 plir 

30 

040174-32 



3.0 

42,0 

2.6 

X 

hMruded, 3 MS 

DUE, 5 phr 

37 

040174-30 



3.0 

42.0 

2. 6 

X 

mruded, 3 MS 

DCK, 5 phr 

38 

110174-40 



3.0 

46.0 

2,9 

X 

Milled, 2 MS 

DCE/CNU, 3 phr 

39 

110174-39 



3.0 

45.0 

2.8 

X 

Milled, 2 MS 

OCE/CNU, 3 phr 

40 

04U 174-28 



3.C 

43.0 

2.7 

X 

ICxtnided. 3 MS 

DCE, 5 phr 

•U 

040174-26 

68.6 

2.7 

42.0 

2.6 

X 

Extruded, 3 MS 

LK:E, 5 phr 

42 

040174-31 

78.7 

3. 1 

38.0 

2. 1 

X 

Extruded, 3 MS 

DCE, 5 phr 

43 

040174-29 

76.2 

3.0 

39.0 

2.4 

X 

Extruded, 3 MS 

DCE, 5 phr 

14 

110174-37 

76.2 

3.0 

43.0 

2.8 

X 

Milled, 2 MS 

DCE/CNU, 3 phr 

45 

090174-21 

185.4 

7.3 

48,0 

3.0 


Milled, 4 MS 

DCE/CNU, 3 phr 

46 

070174-13 



7.3 

47.0 

2.9 

X 

Milled, 4 MS 

DCE/CNU, 3 phr 

47 

090174-19 



7.3 

49.0 

3.1 


Milled, 4 MS 

DCE/CNU, 3 phr 

48 

090174-22 



7.3 

48.0 

3.0 


Milled, 4 MS 

DCE/CNU. 3 phr 

49 

070174-14 



7.3 

47.0 

2.9 


Milled, 4 MS 

DCE/CNU, 3 phr 

50 

090174-20 



7.3 

48.0 

3, V 


Milled, 4 MS 

DCE/CNU, 3 phr 


oJ'^pacbb 

O*’ POOR QVAXJ^ 
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1975 PIO FOAM PANEL 1N\ ENTORY 

PPO Resin, 71 pph 

Blowing agent: DCE/CNF (3:1), 27 pph Date received: 25 April 1975 

Nucleating agent: VSR, 2pph Shipped w/ protective paper 

One mill sheet Thickness: 50 mm (2 in. ) 
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-10 -12 42.5 2.65 41.0 2.56 x Thermal conductivity 
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THERMAL CONDUCTIVITY 
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APPENDIX B 


ITCST PROCEDURE PPO FOAM THERMAL CONDUCTIVITY 


1. Install test specimen in horizontal position. Check T/C and heater resistances. 

2. Record T/C's 1-11, test heater volts and amps, guard heater volts and amps, and 
tank absolute pressure (or gauge pressure plus ambient pressure). 

3. Put 20 volts on each of the heaters. 

4. Chill the tank slowly with GH 2 and fill slowly with LH 2 * Set heater vdtages to 
maintain T/C's 9 and 10 at >ve 0*F (7.70 mv*). 

5. Stabilize tank pressure at 15.5 ±0.3 psia. 

6. Adjust test heater power to set T/C 1 at 180 ± 10*F. Maintain aT between T/C's 
9 and 10 less than 2''f' (~ 0.08 mv). Stabilize. Take the specimen through all of 
the equilibrium |X>ints given below. 

T/C 1 T/C's 9 and 10 



°JL 

mv 


mv 

(1) 

180 ± 10 

13.85 (14.22 - 13.49) 

±2 

±0. 08 

(2) 

100 ± 10 

10.99 (11.34 - 10.65) 

±2 

±0.07 

(3) 

0 ± 10 

7.69 (8.01 - 7.38) 

±2 

-0.07 

(4) 

-100 ± 10 

4.74 (5.02 - 4.47) 

±2 

- - Of' 

(5) 

-200 ± 10 

2.25 (2.47 - 2.02) 

±2 

- 05 

(6) 

-300 ± 10 

0.31 (0.48 - 0.16) 

±2 

. '..0-‘ 

(7) 

-100 ± 10 

4.74 (5.02 - 4.4^') 

±2 

-u.(K 


7. Slowly pressurize the tank to 40 psia (ri 1 psi per minute). Do not . test 

section heater power setting. Adjust guaru section power to maintaU. ‘ '^%;;iween 
T/C 9 and 10 & i*F 0.06 mv). Stabilize. 

8 Increase the test heater power (if necessary) to bring T/C 1 up to -lOOT . 
Maintain AT < 1*F. StabUize. 

9. Depressurize the tank sloaiy to 15.5 ±0.03 psia. 


* All mv values are for Chrcmel-Conatantan T/<^'s (LN£ ret.) 

3»3 


PKtit mm not imno 



10. Reorient the s|)ecimen to the vertical position. 

11. Reiicat steps C through 9. 

12. Adjust the test heater power to set T/c 1 at -100 ± 10°F. Maintain AT between 
T/C's 9 and 10 less than 2”F (~ 0.0‘J mv). Stabilize. 

10. Set the Dymec on 10 sec scan. Pressurize the tank to 40 psia at a constant 
rate between 3 and 5 psi/sec. 

14. Five minutes after reaching 40 psla, change back to one minute scans. Do not 
change the test section heater power setting. Adjust guard section power to 
maintain AT between T/C's 9 and 10 s IT (-0. 06 mv). Stabilize. 

15. Increase the test heater power (if necessary) to bring T/C 1 up to -lOOT. 
Maintain AT £ IT. Stabilize. 

16. Depressurize the tank dowly to 15.5 ±0.3 pria. 

17. Repeat Step 12. 


18. Terminate the test. 
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1. SCOPE 

1 . 1 Scope . This material specification establishes the require- 

ments for Qexille anisotropic polyphenylene oxide (PPO) foam open cell insula- 
tion material, 

1.2 Classification. The PPO foam shall be classified in accordance 
with cell edge surface condition as follows (see also 6.4,4) : 

Class 1 - delivered with the press platen protective coating 
sheets removed. 

Class n - delivered with the press platen protective coating 
sheets attached, 

2. APPUCABLE DOCU^.fENTS 

P.l Standards. The toUowing documents of the issue in effect on 

the date of Convair' s request for quotation form a part of this specification. 


MUitary MlL-STD-105 


Sampling Procedures and 
Tables for Inspection by 
Attributes 


ASTM C 273-61 


C 297-71 


Shear Test in Flatwise Plane 
of Sandwich Constructions 

Tension Test in Flatwise Plane 
of Sandwich Constniction 


NAS 850 


General Packaging Standard 


3. REQUIREMENTS 

3.1 Qualification. The material furnished under this specification 

%U be a product which has passed the qualification test specified herein and Uic 
foruulations (see 3.2.1) have been approved by General Dynamics/Convair. 


3*2 Materials. The material shall consist of pure PPO resin 

combined for manufacturing purposes with a solvent (plasticizer/blowing agent) 
and a nucleating agent. 
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3.2.1 Components. The material described herein shall consist of: 

a. Polyphenylene oxide powder grade CIOOO, PR 100 natural, 

b. Solvents. The powder is mixed with a suitable plasticizing/ 
blowing agent for sheet forming and expansion. The supplier 
shall si pulate the chemical names and the parts per hundred 
weight resin of each solvent used. 

c. Nucleating agent. A suitable nucleating agent is included in 
the raw material mixture. The supplier shall stipulate the 
chemical name and the parts per hundred weight resin of the 
nucleating agent. 

3. 2. 2 Class 1 material. The class I material shall be furnished as 

flat sheets with the press platen protective covers (paper, plastic, aluminum) removed. 
Each sheet shall be fiat and square within tolerances specified in 3.4.1. Removal of 
the protective covers shall include not more than 2.0 mm of parent material on 
each surface. 

3.2.3 Class n material . The class n material, 6.4.4, shall be furnished 
as flat sheets with the press platen protective covers (paper, plastic or aluminum) 
attached as blown. Each sheet shall be flat and square within the tolerances speci- 
fied in 3% 4 * 2* 

3.3 Storage Life 

3; 3. 1 Class I material. . storage life of Class I material shall be 

unlimited when stored in a clean lint, dust and dirt free environment below 27C 
and 80% relative humidity. Class I material shall not be exposed to ultraviolet 
light during storage. If stored more than 24 months, mechanical properties per 
3.6 shall be verified before use. 

3.3.2 Class II material . The storage life of Class II material shall 
be unlimited when stored in a clean, lint, dust and dirt free environment below 
lie and 80% relative humidity. 

3.4 Dimensions and Tolerances 

3.4.1 Class 1 materials 
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3. 4. 1.1 Length and width . The average length and width of each indivi- 
dual foam panel shall be within 15 mm of the specified values. The variation in 
length and width of each individual panel shall be within ±5 mm of the average values 
lor that panel. 

3.4. 1.2 Thickness . The average thickness of each individual foam panel 
shall be within i. 25 mm of the specified value. 

3.4.2 Class 11 mater ial. 

3. 4. 2.1 Length and width . The average length and width of each indivi- 
dual foam panel shall be within i5 mm of the specified values. The variation in 
length and width of each individual panel shall be with -tS mm of the average values 
for that panel. 

3. 4. 2. 2 Thickness . The average thickness of each individual foam panel 
shall be within ±2. 5 mm of the specified value. The panel with the protective 
coating sheets attached shall be flat to within ±1 mm. 

3.5 Physical Properties . The physical properties as specified herein 

apply to measurements made to Class I material only. 

3. 5. 1 Density. Bulk density is herein defined as the ratio of the imss of 
a trimmed foam panel in kilograms to its bulk voluaie in cubic meters. The value 
specified in an orr*er is for the Class I foam panel. The measured bulk density of 
each individual foam panel shall be within ±5 percent of the specified value in 6.4.4. 

3. 5. 2 Density Gradient . The measured bulk density variations within a 
foam panel shall be limited to i5 percent of the specified value in 6.4,4 perpen- 
dicular to the fiber direction. The measured bulk density of the Inner one - thirdof 
a fcam panel parallel to the fiber direction shall be not less than 90 percent of the 
density of the overall panel, 

3. 5. 3 Cell siz e. There shall be no voids in the foam having a diameter 
greater than 1.5 mm. The average diameter of the 10 largest cells In any 4 cm^ 
area shall no+ exceed 0,5 mm. Diameter is the longest dimension across any 
irregular cell perpendicular to the fiber direction. 

3. 5. 4 Flow conductance. The gas flow conductance through the foam 
perpendicular to the fiber direction shall be less than the conductance parallel to 
the fiber direction. Conductance shall be defined as the gas mass flow rate per 
unit of surface area per unit of thickness for a given pressure differential, 
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3.6 Mechanical Properties 

3.6.1 Tensile Modulus, The room temperature tensile modulus of 
elasticity in the fiber direction shall be greater than 800 Kg/cm^ 

3.6.2 Shear Modulus . The room temperature effective core shear 
modulus of elasticity in the fiber direction shall be TBD, 

3.7 Workmanship , The material sliall be manufactured in accordance 

wii 1 first grade pratice to produce material of uniform quality free from defects of 
any character. The foam surface perpendicuLar to the fiber direction when cut to 
the Class I configuration shall be smooth with no ragged or torn cell edges, 

4. QUAUTY ASSURANCE 

4.1 Responsibility for inspection. 

4. 1. 1 Class 1 materials. Unless otherwise specified in the contract or 

order, the supplier shall be responsible for the performance of all inspection 
requirements as specified herein. Except as otherwise specified, the supplier may 
use his own facilities or any commercial laboratorj’ acceptable to GD/Convair. 
GD/Convair reserves the right to perform any or all of the inspections set forth 
herein where such inspections are deemed necessary to assure that the material to 
be furnished conforms to the prescribed requirements. 

4.1.2 Class n materials. When delivery of Class II material s is 
specified, the supplier shall cut-off the protective cover only from those panels 
required to meet the test requirements of 4. 5. 

4. 2 Inspection records. Inspection records of c^minations and 
tests shall be kept complete and available to GD/Convair. These records shall 
contain all data necessary to determine compliance with the requirements of this 
specification. Density and density gradient specimens an*i all measurements 
shall be shipped with each order. 

4.3 Classification of Inspection. The inspection of the material 
shall be classified as follows: 

a. Qualification tests 

b. Acceptance tests 


S 
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4.3.1 (ju:ilif]cation test.-?, Ucloi'C any malcrial is approved for 
procurement in accordance with this specilKution, (jualilication tests whall have 
Ix^cn performed to insure that material meoLs ail requirements of this specification. 
Testing shall be as specified in 4. 5. 

Qualification shall be perfoniu'd on an initial procurement from any vendor with a 
stipulated set of component s per 3,2.1. Any variation in components or component 
quantities shall require rcqualification of the material per 6.4,2. 

4.3.2 Acceptance tests . Acceptance tests for each lot of material shall 
be from a representative sampling per 4,4 and test methods per 4.5. 

4.4 Sampling . The controls used during manufacture shall assure that 
each lot of material offered for delivery^ meets the requirements spec died herein. 
Test per 4.5t2, 4.5. 3.1, and 4, 5, 3, 3.1 shall be performed on each individual panel. 
Tests per 4, 5.3. 2, and 4, 5. 3, 3. 2 shall be performanced on eveiy tenth manufactured 
panel or one per order wluch ever is greater. Tests per 4. 5. 3. 4 and 4, 5.4 shall 

1)6 performed on every twenty-fifth manufactured panel or one per order which ever 
is greater. 

4. 5 Test Methods . 

4.5.1 Measurement Accuracy . The absolute accuracy of the measure- 
ments made in compliance with this specification shall be as follows: 

a. Length and width, il mm 

b. Thickness, dhO.05 mm 

c. Weight, ^5 gm 

d. Flow rate, ±5 percent 

e. Pressure, ±5 percent 

4.5.2 Dimensions. Dimension measurements shall be recorded in 
the format of Table 1. 

4. 5. 2.1 Length and width . A minimum of three measurements shall be 
made of the width ar^d three of the length of each edge trimmed PPO foam panel. 

Doth the arithmetic average and individual measurements shall be evaluated for 
conformance with 3. 4. 1. 1. 

4. 5.2.2 Thickness, A minimum of five measurements shall be made 
of the tiiickness of each PPO foam panel. The arithmetic average of the measure- 
ments shall be evaluated for conformance with 3, 4, 1.2, 
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4.5.3 Physical Properties . 

4. 5. 3.1 Density. 

Class 1 material. The average dimensions obtained in 4.5.2 
together with the measured weight of 
each panel shall be used to calculate the 
bulk density. The value obtained shall be 
evaluated for conformace with 3.5. 1. The 
density measurements shall be r ecorded in 
the format of Table 1. 


Class n material . The average dimension obtained in 4.5.2 
together with the measured weight of each 
panel shall be recorded in the format of 
Table 1. 


4. 5. 3. 2 Density gradient. Every tenth PPO foam panel manufactured 
for a given order shall be investigated for density gradients within the panel. The 
protective cover shall first be cut off of the Class I configuration per 3,2.2, The 
panel shall then be cut into three equal pieces and identified as 3 (see 
Figure 1). Immediately after cutting, the proper identification nuntber shall be in- 
scribed in ink on the upper left-hand corner of the edge of each piece cut. 

Each piece shall be weiglied and measured and the density shall be calculated using 
the same procedure per 4.5.3. 1. The calculated values shall be evaluated for 
conformance with 3.5.2. 

Finally each of the three pieces shall be sliced into tiles, as shown in Figure 1, 
and identified as i, j,k (see Figure 1). Densities shall be calculated as 

described ^ove and the values shall be evaluated for conformance with 3.5,2. 

The density gradient dimensions, weights, and sub panel densities shall be recorded 
in the format of Table 2. 

4.5.3. 3 Cell size. 

4. 5. 3, 3. 1 X-rav . An X-ray exposure shall be made of each individual edge 
trimmed PPO foam panel. Multiple exposures may be made if necessary to cover 
the entire panel. X-ray parameters used successfully by GD/Convair are listed 
below: 

a. X-ray tubCt NORELCO MG 50 with beryllium window or 

equivalent 

b. focal spot, 15 mm 
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c. power, 10 KV at 15 ma, or lower 

<1. film, Kastmjin Ko<iiik T>pe T medium ^rain or 

equ* .alent 

e. exposure time Varv with <‘ .ipment and film to give 
maximum density gradient contrast 

The exposure(s) shall be examined Jind indicated voids or high density resin 
concentrations evaluated. 

i.5.3.2. J Diameter . Cell edges ^ihall first l>e examined for conformance 
with 3. 7. The cell diameters shall be measured in a 2 cm square on six of the 
density gradient sub panels in 1. 5. 3. 2. The measurements snail be made on two 
k 1 panels, two V 2 panels, and two k ~ 3 panels. Selection of the sub panels 
for mcasuremt'nt shall be based on visual Inspc'ction and examination of the X-ray 
film for areas with the largest cells. 

Cell sizes and voids shall be evaluated for conformance with 3. 5.3. 

4. 5. 3. 1 Flow conduction . Kvery twenty-fifth panel manufactured for a 
given order shall be investigated to determine flow conductance and mechanical 
strength. The protective cover shall first be cut off to the Class I configuration 
per 3. 2. 2. Th^' panel shall then be cut to produce a toVA of 12 test specimens. 
Figure 2. The dimensions of each piece shall be determined per 4. 5. 1. The 
rectangular pieces cut from quadrants 1 and 4 shall be used for flow conductance 
measurements. 


Flow conductance measuFements shall be made using an apparatus such as illustrated 
in Figure 3. l‘he two pieces shall be used first for measui^einents perpendicular to 
the cell axes tlien trimmed tor measurements parallel to the cell axes* Each piece 
shall be installed in the apparatus such that leakage around the edge is nei^igible* 

Dry room temperature nitrogen gas shall be flowed through the piece and both gas 
mass flow rate and differential pressure shall be determined. The flow shall be set 
and measured at five points corresponding to differential pressures of 2,0, 4.0, 6,0, 
S. 0 and 10. 0 kN/m^, The flow conductance and ccmductance ratios shall be cal^^.ulated 
and tabulated in the format of Table 3. The values shall be evaluated (or conform- 
ance with 3.5.4. 

4, 5, 4 Mechanical properties tect. Meclumical strength measurements 

shall be made on a standard load testing machine. Thespecimena each shall be tested 
St 76 t 5* F, Specimens from every twenty fifth manufacfiired panel of a given order 
shall be tested, 4, 5. 3. 4, The average results shall pass the ^lecified requirements 
per 3, 6. The test methods shall be as follows: 

8 
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a. Tensile strenf^h; AS'PM C 207-01 

b. Shear strength; ASTM C 27.'i-(il 

4.5. 1. I Tensile tests . The six square pieees, three each from quadrants 

1 and 1, Figure 2, shall be bonded to plates and subjected to tensile loading until th^ 
proportional limit of the material is determined. Any failures must occur in the 
foam rather than in the bond line. The modulus shall be calculated, the six data 
points arithmetically averaged, md the data tabulated in the foiTnat of Table 4. The 
results shall be evaluated for conformance A^ith 3,6. 1. 

4.3. 1, 2 Shear tests . The four rectangular pieces, two each from quadrjints 

2 and 3, Figure 2, shall be l>onded to plates and subjected to shear loading in the 21, 
’Tength” direction until the proportional limit of the material is reached. Any failures 
must occur in the foam rather than at the bond line. The modulus sluill be calculated, 
the four data points arithmetically averaged, and the data tabulated in the format of 
Table 4. The results shall \yc evaluated for conformance with 3. 6. 2. 

5. PRKPAKATION FOR DFLIVKRY 

5. 1 Preserva iicn and packaging. The material shall be in suitable 
containers In quantities as spet uTed on the purchase order. All materials shall be 
packaged to insure protection fm;. physical damage during handling, shi}:^ing and 
storage. 

5. 2 Packing . The material shall be packed in shipping containers of 
a type which shall adequately protect the material during normal handling and meet 
the minimum packing requirements of common carriers for acceptance and safe 
transportation at the lowest rate to the point of delivery. 

5.3 Marking for shipment . Each unit and intermediate cor.tainer shall 
be identified with a suit^lc label or tag with information as follows; 

a. GD/ Convair 0-06212 and applicable material identification 
dash number. 

b. Manufacturer and product designation. 

c. Lot number and date of manufacture. 

d. Purehaae order or contract number. 

In additioDi sh4)plng containere abali be marked with the addreaa of the procuring 
agency as indloated on the purehaae order or contract. 

9 


ORIGINAL PAGE IB 
op POOR QUAUnO 


c-n 



r.KNI^UAL DYNAMICS 
(’onvair Division 




5.4 Dc :uMiontrition nnd t (^poi lint; . Insp('t:lion aiul qualily a^isurance 

t''st data shall documented an<l la'pofted as d('sci*i!)(‘d hoi'cin, 

5, 1.1 Documentation. All mauulactuied panels sluill be nimlxTcd prior 

to insjx^ction :uid testing. All X-ray oxposuic' prints :uid lest data shall be rolercnccd 
to a panel idcntilication number, Diinensionrd avc raises and variations as well as tlio 
calculated bulk density lor every panel produced shrdl be rccoided in a table similar 
to Tabic 1. 

Density gradient data, dimensions, weights and densities sh:dl be recorded in a table 
similiar to Talileli. blow conductance test data shrJl be recorded in a table similar 
to Table 3, >shoar and tensile strength data shrill be recorded in a table similar to 
3'ablc 4 , 


5. *\3 Ueporting. Copies ol all data • hccts and X-ray prints shall be 

shipped siimdlancously with the panels. All samples tested per 4, 5. 3. 2 and 4, 5, 3, 4 
shall l)C boxed and shipped simultanooidy with the panels. A liat cl all the panels 
rejected and llic reason for rejection sludl \yc shipped simultaneously with the panels. 

6. NOTKS 

C,1 Intended use . 'Fhe material described b^ this specification Is 

intended for use as internal tlicrmal insulation for liquid hydrogen tanks. 

6.2 Ordering mfonnation If ccililication is required, it should be 

stated on the purchase order that two copies o. the certification should accompany 
each shipment sent *o GD/Convair. The following informat* '*n should be included on 
the purchase order: 

a. GD/Convair o*oc2i2 and appropriate material identification 
dash numocr. 

b. Any special preservation, packaging, packing and marking 
required (see 5,0), 

6.3 Defintions , 

6,3,1 Lot state, A lot shall consist of all material manufacturod in 
one continuous, unchanged production run. 

6.4 Miscellaneous notes. 
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6.4.1 Order of precedence of this specification. This specification 
supersedes all others of the same scope. This spccific^ation was prcparcc' lor 
lack of a suitable document within the groupings of MIL-STD-143. 

6.4.2 Approval procedure. When a supplier desires to obtain approval 
of his product in compliance with this specification, he should notify GD/Convair by 
letter of intent accompanied by three copies of a certified test report showing 
compliance. If after GP/Convair approval an alteration is made in the product, 
the approval is deemed cancelled unless GD/Convair has been notified of and 
approved the alteration. 

6.4.3 Material sources. 

6.4. 3.1 Approved sources . The approved sources for the material 
described by this specification arc as follows: 

Plastics and Rubber Institute, TNO 
97, Schoemakerstraat 
P, O. Box 71 
Delft, Holbml 
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r>,4.4 MaU'iinJ 

idiM tit u at h '■ nu'i 



TiD/Convair 


NomiiinJ 


Matori.'il 

(’lass 

DcnsiU' 

Thickness 

Idcnlificati on No. 

MaUM’ial 


mm 

- 11 

I 

30 

::6 

- li 

1 

30 

46 

- i:i 

1 

30 

71 

- M 

I 

30 

181 

- 21 

I 

40 

26 

- 22 

I 

40 

46 

• 22 

I 

40 

71 

• 24 

1 

40 

181 

- 31 

1 

50 

26 

* 32 

1 

50 

46 

- 33 

1 

50 

71 

- 34 

I 

50 

181 

- 51 

n 

30 

30 

- 52 

11 

30 

50 

- 53 

u 

30 

75 

- 54 

11 

30 

185 

- f,l 

R 

40 

30 

• 62 

n 

40 

SO 

- 63 

n 

40 

75 

- 64 

11 

40 

185 

- 71 

n 

50 

30 

- 72 

11 

CO 

50 

- 73 

n 

50 

75 

- 74 

n 

5u 

185 
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Table 1. Dimensions and Density Data I’able 

length ^ th Thickness Bulk 

Panel Average Variation Average Variation Average Density 
Number cm mm cm mm mm kg/m^ 
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b. Parallel to fiber dlreotion 


Figure 3. Gas Flow Cooductance Test Apparatus 
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Table 3, Flow Conductance Test Data Table 


I Panel Number 


Quadrant 2 


Quadrant 3 


1 

! 

1 Perpend- 




Perpend- 



Parallel 

' icular 



Parallel 

icular 



Flow 

Flow 


“ 

Flow 

Fbw 


1 ; 

w 0 

■ 

w 

w 

AP 

w - 

w 

w 

1 !kN/m^ 

1 1 

pi 

pr 

jer 


pi 

pr 


cc/(sec • m2) 

, : 

kN/m2 

1 - 

cc/(sec 

• m2) 

w . 


L 


Flow Area (m2) i 
• Thickness (mm) 


Panel Number 


Table 4, Strength Test Data Table 
_ Shear 


Tension 






